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In the present study, metal nitride based sputtered thin film coatings such as Mo/Si, 
CrN/Si, and Mo:CrN/Si were investigated for their solar selective surface and mechanical 
applications. Despite a large number of literature is available in the area of solar selective 
applications of metal nitride based thin film coatings, these materials are still to be 
commercialized for their practical device applications. In view of this, we chose metal 
nitride based thin film coatings e.g., Mo, CrN and Mo:CrN to realize their structural, 
morphological, elemental compositions, optical, dielectric and mechanical properties in 
as-deposited, and annealed conditions. Detail analyses of these features were carried out 
using X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), 
energy dispersive X-Ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), 
UV-Vis spectroscopy and FTIR, nanoindentation and finite element modeling (FEM). In 
addition to these, the first principle based density functional theory (DFT)  integrated with 
the B3LYP hybrid functional plus LANL2DZ basis sets based infrared (IR), Raman and 
ultraviolet-visible (UV-Vis) analysis were also carried out to probe the electronic 
structural and optical properties of pristine and Mo-doped CrN clusters in the non-
crystalline phase.   
 
Optical analysis showed that in the visible range of the solar spectrum, the CrN coatings 
exhibit the highest solar absorptance of 66% while the lowest thermal emittance value of 
5.67 was recorded for the CrN coating doped with Mo. As a result, the highest solar 
selectivity of 9.6, and the energy band-gap of 2.88 eV were achieved with the Mo-doped 
CrN coatings. On the other hand, optical studies of the annealed coatings showed that 
with the rise in annealing temperature up to 700 °C, the solar absorptance of CrN coatings 
increased from 61% to 89% and slightly decreased at 800 °C, while the optical band-gap 
energy dropped from 2.62 to 1.38 eV but slightly increased to 1.48 eV at 800 °C. 
Nanoindentation results indicated that as the annealing progresses, the hardness and 
elastic modulus values of CrN coatings are lowered. Further optical studies of Mo-doped 
CrN coatings showed that as the annealing temperature increased up to 700 oC, the solar 
absorptance is increased from 55% to its maximum value of 86%, and the optical band-
gaps were dropped from 2.48 to 1.14 eV. Nanoindentation and finite element modeling 
studies of Mo-doped CrN coatings indicated that as the annealing progresses, both the 
hardness and elastic modulus values of these coatings reduced. A first principle based 
DFT simulation on Cr4N4, Cr4MoN3, Cr4Mo2N2, Cr3MoN4, Cr3Mo2N3, and Cr2Mo2N4 
 
 
clusters indicated that the Cr4Mo2N2 structure was chemically and energetically the most 
stable species among the six clusters considered. The DFT based electronic analysis 
revealed that Cr4MoN3 and Cr3Mo2N3 clusters possess magnetic susceptibility while the 
infrared (IR), Raman and ultraviolet-visible (UV-Vis) studies indicated that the clusters 
formed by Cr4N4 and Cr4Mo2N2 are naturally stable and able to function as light 
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CHAPTER ONE  
Introduction 
1.1 General Introduction 
Transition metal and transition metal nitride based vacuum deposited thin film coatings 
such as Mo, CrN and Mo:CrN which have been synthesized onto the Si(100) substrates 
were thoroughly investigated for their potential use in solar selective absorbing surfaces 
and in mechanical applications. These materials constitute a new approach in maximizing 
power conversion efficiency with a mechanical steadiness in mid to high temperature 
exposures. The subsequent sections of this chapter present brief background information 
on the present study, a comprehensive literature review, notes on the relevance and 
importance of the study, a detailed outline of its objectives, and lastly, information 
regarding the layout of the thesis. 
 
1.2 Background of the Present Study 
The sun is an unlimited, environmentally friendly, sustainable and renewable source of 
energy. Solar energy can be effectively converted into usable forms through different 
methods [1, 2]. Atmospheric mass flow is used in the generation of wind power, using solar 
energy through the non-uniform heating of the earth’s surface resulting in the formation of 
moving air. Hydro-mechanical power generation uses solar energy through water 
circulation in the earth’s surface which is driven by the sun. For all kinds of biosphere, the 
power generated from biomass and biogas, are sourced from solar energy through energy 
crops. These examples are indirect uses of solar energy. 
 
Solar radiation can be directly converted to electricity by means of photovoltaic (PV) 
technology while solar-thermal conversion devices help with the transformation of solar 
energy into heat [3, 4]. Solar thermal conversion devices belong in the category of 
technology in which solar selective absorbing materials play the key role. Nowadays, there 
is much research into the development of solar-thermal systems because of the cost 
effectiveness of solar power with consumers all over the world having flat plate solar 
collectors installed for domestic hot water and space heating. Meanwhile, solar-thermal 
technology in power generation for in solar air-conditioning, swimming pool filtration 




Photovoltaic solar generation techniques that have been studied since 1839, and are 
considered to be the simplest and most promising for achieving the direct conversion of 
solar energy to electrical power. In PV systems, sunlight is absorbed by a semiconductor 
material which has suitable energy band-gaps and which generates electrons and holes [6, 
7]. In a PV cell, only photons having energy which is equal to or greater than the band 
gap of the cell material can free an electron for an electric circuit. In such cases, the 
semiconductor diode junction separates the charge carriers and creates a voltage difference 
leading to the flow of electricity [7, 8]. In general, the conversion process involves three 
major steps: (i) solar radiation absorption and forming locally constrained excitons, (ii) the 
transportation of excitons to the donor-acceptor interface followed by subsequent 
dissociations to form free electrons and holes, and (iii) the movement of charged particles 
towards the electrodes  producing an electric output [6, 9]. Only 5-30% of the incident solar 
radiation can be converted to electricity by PV systems and the remaining solar energy is 
wasted as heat. An excessive amount of heat energy increased the temperature of the PV 
panels and leads to an undesirable drop in the efficiency of the PV cells and structural 
damage to the PV device [10]. 
 
Solar photothermal devices are commonly used for domestic and industrial water heating 
or space heating purposes. The photothermal collector is one of the most essential modules 
of a solar thermal device. The most important part of the solar thermal collector is the solar 
selectivity of the absorbing surface which strongly affects the efficiency of the solar 
thermal conversion system [11, 12]. Photothermal devices require high performance and 
low-cost solar selective materials for the surface of solar energy converters. A good solar 
selective surface exhibits high spectral absorptance in the visible range and low thermal 
emittance in the infrared to far-infrared range of the solar spectrum. Nowadays, 3d 
transition metal oxide and metal nitride based thin film coatings are considered as being 
very important materials due to their widespread application in electrical and optical 
devices. They possess high solar selectivity which makes them ideal for being used as solar 
selective coatings in solar energy harvesting devices. An ideal solar selective surface 
absorbs 100% of the incident solar radiation in the ultraviolet to visible range of the solar 
spectra and emits all the incoming radiation in the infrared range of the solar spectra. 
However, in reality no such single material exists that will meet these criteria. A practical 
selective surface possesses high solar absorptance, α (0.3 to 2.5 µm) and low thermal 
emittance, ε (≥ 2.5 µm) at the operating temperatures [13, 14]. A brief summary of the 
spectral selective features of an ideal solar selective surface and real selective absorber for 
 
10 
Hemispherical solar irradiance for air mass 1.5 (ISO standard 9845-1, 1992) and 
blackbody-like spectral emittance at 100, 200, and 300 °C are presented in section 2.2.1.6, 
Chapter 2 of this thesis. Nowadays, thin film coatings based solar selective surfaces are 
made which consist of novel metallic nanostructures embedded in metallic oxides and/or 
metallic nitrides and/or metallic oxinitrides [15-19]. More recently, there have been many 
studies in which transition metal nitride based thin film coating have been used in mid and 
high temperature solar selective surface applications [13, 20-36]. 
 
Generally, spectral selective surfaces can be classified into six different categories: intrinsic 
absorber, two and three dimensional quantum size effects, multilayer absorbers, absorber-
reflector solar selective tandems, textured surfaces and heat mirrors. Detailed descriptions 
of different solar selective absorbing surfaces together with their deposition mechanisms 
can be found elsewhere [37-40]. Among these six categories, absorber-reflector tandem is 
the most common which consists of two surfaces: a highly absorbing surface in the visible 
wavelength and a highly reflective surface in the thermal infrared wavelength range. This 
absorber-reflector tandem system can be of two types: a semiconductor-metal tandem, and 
composite coatings. Our studies were undertaken using the semiconductor-metal tandem 
absorbing surface which was achieved by placing a low band-gap semiconducting surface 
(a thin film coating) onto the top of a highly infrared reflecting metal surface. The 
semiconducting thin film coating layer absorbs the solar radiation which has energy greater 
than the band-gap and thereby releasing the valance electrons into the conduction bands 
while photons with energy less than the band-gaps are transmitted through the surface of 
the coatings. Since the semiconducting surfaces offer higher refractive indices, a higher 
degree of solar absorption can be attained by placing an anti-reflection layer (such as Al2O3, 
SiO2, Si3N4) onto the top of the coatings to reduce the reflection of light at the 
air/semiconductor interface. This kind of semiconductor-metal tandem solar selective 
surface can be useful in low to mid temperature applications [41, 42]. There are several 
design options and physical mechanisms available when developing a solar selective 
absorbing surface. The efficiency of a photothermal energy conversion system can be 
enhanced by the development of new selective absorber materials with the desired 
properties [43, 44]. Several factors are to be taken into consideration in the production of 
photothermal absorbers: simplicity in fabrication, cost-effectiveness, long-term thermal 
and mechanical durability, and minimal environmental impact in the production process. 
The optical performance of a solar selective absorbing surface depends upon the 
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composition of the thin film coating, surface morphology and nanostructure, the surface 
design, surface roughness, film thickness and optical constants of the constituent materials. 
 
Metal nitride based hard protective coatings such as CrN and Mo:CrN are used in the 
manufacture of high-speed/dry cutting and metal forming tools and require high hardness, 
good oxidation, wear, and corrosion resistance, as well as  high physical, thermal, and 
chemical stability. All these properties are dependent on the microstructure, synthesis 
mechanisms, and stoichiometry. High hardness, good tribological characteristics and 
superior oxidation resistance behaviours of AlCrN coatings have been reported in several 
studies [45-50]. The toughening and hardening mechanisms of nanosized coating materials 
have been described in an earlier study [51]. Metal nitride based hard coatings can be 
synthesized via unbalanced magnetron sputtering [52-54],  beam plasma-assisted physical 
vapour deposition method [55], cathodic arc ion plating [56-58], and other methods [59-
62]. Nanostructured superhard coatings can also be produced by a combination of hard 
transition metal-nitrides such TiN, W2N, and VN; and a covalent nitride such as Si3N4, and 
BN [63]. These coatings are thermodynamically stable, possess strong spinodal segregation 
[64], and demonstrate superhardness at high temperature exposures [65].  
 
The hardness of CrN coatings is governed by grain size and the grain boundary structure 
[66, 67]. The hardness of a material is increased with the decrease in grain size and vice 
versa [68]. The incorporation of suitable dopants such as Mo, Si, Al or Ti into the CrN 
structure, results in the refining of the grain size thus enhancing the hardness of the CrN 
phase [69]. In nanostructures, the hardness of the Cr1-xMxN coatings is believed to be 
governed by the grain boundaries [51, 70]. The oxidation resistance behaviours of thin film 
coatings at high temperatures, is controlled by its surface chemistry and grain boundary 
assemblies [71]. The natural oxide layers formed onto the surface of metal nitride coatings 
leads to an increase their heat tolerance [72]. The introduction of appropriate doping 
obstructs the further penetration of surface oxide layers onto the grain boundary regions 
and thereby modifies the hardness of the coatings. 
 
 
1.3 Review of Earlier Work 
Metal nitride based sputtered coatings well known as being hard protective and decorative 
coatings and they are widely used in high-speed/dry cutting and metal forming tools. The 
high hardness, oxidation, wear corrosion resistance, as well as tribological behaviors of 
these coatings depend on the microstructural features and chemical compositions of their 
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constituting elements. Nowadays, various new dopants are employed to initiate defects in 
the metal nitride structures in order to develop new phenomena, improve the films’ quality 
and to utilize them in new applications. Because of this, over the years, research interests 
on metal and metal nitride based thin film coatings (for solar selective surface and 
mechanical applications) have been accelerated due to their large number of favorable 
properties such as; large band-gap, high surface acoustic velocity, wear, oxidation, 
corrosion, and erosion resistance, higher thermal and chemical stability, and mechanical 
toughness [73, 74]. As a result, these materials have widespread industrial and commercial 
applications in solar absorbing and solar selective surfaces [16, 18, 75, 76], microelectronic 
devices [77], ultraviolet and visible light emitters and detectors [78], high temperature 
structural materials [79, 80], for absorption optimizations and industrial applications [1, 2, 
81], pollution controls [82], batteries and memory devices [83, 84], and semiconductor 
industry for optoelectronic devices at high power and high temperatures [85]. Because of 
their high hardness, good adhesion to substrate, excellent wear resistance, low friction 
coefficient, high corrosion-, and oxidation resistance, superior elastic modulus values, high 
melting point and superior chemical stabilities, large optical energy band-gaps, physico-
chemical, optical, electronic, mechanical and thermal characteristics, and scalability metal 
nitrides based thin film coating materials also have a varied range of technological and 
industrial applications. For instance, these materials have secured their applications in 
high-speed cutting and  machining [86], moulding dies and cold forming [87], combustion 
engine moving parts and  rocket nozzles [88], non-volatile storage devices [89-91], 
superhard coatings [70, 92, 93], anti-reflective coatings [94-97], and optical storage devices 
[98].  
 
Among various metal nitride compounds CrN based coatings show significant superiority 
over TiN-based coatings due to their extremely high hardness, higher melting point, 
corrosion and wear resistance, and anti-oxidative nature at high temperature environments 
[99-102]. In recent years, MoCrN coating are being considered as the potential substitute 
for CrN matrix as they exhibit structural evolution and superior hardness within the range 
of 28–31 GPa after an appropriate Mo-doping [103]. Klimashin et al., performed 
theoretical and experimental analysis on MoCrN and MoCrAlN systems and found their 
mechanical hardness to be more pronounced than that of CrN films [103, 104]. Therefore, 
it can be seen that Mo can enhance the properties of CrN films.  
 
Al-, and Si-doped CrN films were studied by means of cross-sectional bright field 
transmission electron microscope (XTEM), high resolution XPS, nanoindentation and 
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finite element modeling methods [105, 106]. The XTEM method was used to investigate 
the factors influencing the mechanical properties of CrSiN coatings while the 
nanoindentation technique was used to estimate the hardness, elastic modulus and residual 
stress of CrSiN sputtered coatings [105]. Various surface analysis methods aided by the 
finite element analysis, were used to observe the effect of Al-dopants in determining the 
microstructural and mechanical features of CrAlN coatings [106]. Grazing incidence X-
ray diffraction (GIXRD) studies of Al-doped (with low, medium and high amount of Al-
content) CrN coatings confirmed the alternations of preferred orientations with the 
subsequent Al-substitutions [106]. The (200) preferred orientation in CrN coatings was 
gradually reduced with the increase in Al-content while subsequent increase of intensity in 
(111) and (220) diffraction planes were detected. The influence of Si-content on ZrN and 
WN matrices showed remarkable enhancements of their physical hardness, toughness and 
oxidation resistance properties [107]. As the amount of Si-addition is enhanced, these 
structures lost their degree of crystallinity by significant broadening of their intensity 
peaks. Near edge X-ray absorption fine structure (NEXAFS) spectroscopy has been also 
widely used in solving complex systems and to identify the coexistence of different 
crystalline and amorphous phases of CrN matrices [70, 92, 93]. Deposition methods, 
characterizations, oxidation behaviors and hardness mechanisms of CrN, Cr1-xAlxN, and 
CrAlON thin film coatings have been extensively studied by Hirai et al. in a series of 
research articles [45, 108-110]. The mechanical properties of nanostructured coatings are 
very dependent on grain boundary structure, grain boundary angle, grain boundary sliding 
and movement of dislocations. Another reason for there being higher hardness in nanosized 
coatings is the plastic deformation and the leading role of dislocations. Furthermore, the 
cohesive forces between atoms, and compression macrostresses originated during the 
synthesis process is also believed to be involved in hardening the coating structures [111].  
 
A good combination of reasonably high hardness and high toughness is very important 
from an application viewpoint of hard coating materials. The introduction of Si, Al, and Y 
can considerably increase the high temperature features of CrZr-based nitride coatings 
[112-114]. High hardness, high temperature wear and oxidation resistance behaviours were 
discerned in CrZr(Si/Al)N coatings [112, 114]. The impressive oxidation resistance nature 
of CrN coatingsarise by the formation of Cr2O3 solid and a protective layer around the CrN 
coatings’ surface at high temperature applications [115]. The high hardness, and oxidation 
resistance properties of a large number of other metal nitride coatings have been reported 
[116-120]. At high temperatures, CrN coatings are not well-suited for hot forming dies and 
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high speed machining applications [121]. In order to overcome these limitations; 
zirconium, silicon, and/or aluminium was successfully integrated into the CrN structure 
[122-125]. In another study, the CrZrN coatings were evaluated as a good candidate for 
high temperature applications [126]. To date, many metal nitrides and metal oxynitrides 
based thin film coatings have been developed for solar selective and mechanical 
applications [13, 16, 18, 21-23, 70, 92, 93, 127-133]. The power conversion efficiency and 
mechanical performance of a thin film coating based material depends upon the selection 
of the coating material, coating design, microstructural features, chemical bonding states, 
hardness, toughness, adhesion, phase structure and other physical properties.   
 
1.4  Objectives of the Present Study 
There have been many developments and efforts made in investigating metal nitride based 
selective solar surfaces, however, these materials are yet to be commercialized for practical 
solar energy device applications [134-136]. Thus, in order to develop efficient solar 
selective absorptive surfaces, it is important to identify suitable product materials, 
fabricating techniques, and analytical tools. Prior to commercial production, research and 
development work on the material and coating selection, performance testing, system 
optimization, quality control and reliability, and ease of delivery and installation are 
necessary. This study was focused on the basic research question: Can novel solar 
absorptive surface with high optical and dielectric performance, mechanically superior and 
mechanically durable be fabricated by means of closed field unbalanced magnetron 
sputtering methodology onto a Si(100) substrate for mid and high temperature 
applications?  
  
In view of the above facts,  
(1) A comprehensive study has been conducted to investigate the magnetron sputtering 
deposited on Mo/Si, CrN/Si, and Mo:CrN/Si coatings, in as-deposited and annealed 
states, for their structural, microstructural, morphological, and opto-dielectric 
properties and providing a detailed mechanical analysis via experimental procedure and 
fine element modeling (FEM) techniques.  
(2) The nanoindentation method was used to probe the mechanical parameters of these 
coatings. The intrinsic hardness of the coatings was estimated both via experiment and 
by modeling the substrate effect and was found to relate to the microstructural features 
of the coatings.  
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(3) Correlation between their mechanical properties, residual stress level, and levels of 
stress induced at the coating-substrate interface was also examined.  
(4) A density functional theory (DFT) analysis was carried out to investigate the electronic-
structural, density of states, and the optical properties of the CrN phase and the different 
Mo:CrN complexes in a non-crystalline phase. The overall DFT analysis was 
conducted via structural optimization of the clusters through density of states (DOS) 
studies, IR analysis, Raman analysis, and ultraviolet-visible (UV-Vis) spectra 
simulations for CrN and Mo:CrN phases.  
 
1.5  Layout of the Thesis 
This thesis consists of seven chapters in total. Chapters 1 illustrates the background 
information, a brief literature review and objectives of the study. Chapter 2 presents a 
comprehensive review of the recent advances in the solar selective performance of metal 
nitride based magnetron sputtered thin-film coatings which has been published in the 
Journal of Optics (Paper I).  
 
The structural features, surface morphology, optical and dielectric properties of Mo, CrN 
and Mo:CrN thin film coatings are discussed in Chapter 3 which has been published in 
Applied Surface Science (Paper II).  
 
Chapter 4 deals with the impact of the annealing temperatures on structural, surface 
morphological, mechanical, surface chemical bonding states and the solar absorption 
properties of magnetron sputtered CrN thin film coatings. The contents of Chapter 4 has 
been published in Journal of Alloys and Compounds (Paper III).  
 
Chapter 5 covers the novel insights of temperature dependent structural, opto-dielectric, 
mechanical studies, and finite element modeling (FEM) of Mo:CrN sputtered coatings. The 
results presented in Chapter 5, have been under review with the Thin Solid Films (Paper 
IV).  
 
Chapter 6 covers the first principle of electronic structural and optical studies of CrN and 
Mo:CrN clusters in noncrystalline phases via density function theory (DFT). The results 
presented in Chapter 6, has been submitted in the Materials Research Bulletin (Paper V).  
 
The concluding remarks of the thesis, suggestions, the further scope of relevant studies, 
and the need for the future developments are discussed in Chapter 7 as Conclusions. A brief 
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explanation of the preparation methodology, experimental theory and experimental 
techniques used in this thesis have been described in the appendices.  
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CHAPTER TWO  
Paper I: Solar Selective Performance of Metal Nitride and Metal 
Oxynitride Based Sputtered Coatings: A Comprehensive Review 
Abstract 
Since solar thermal collectors are considered to be the most direct way of converting the 
solar energy into the usable form, in the last few years growing attention has been paid to 
the development of transition metal nitride and metal oxynitride based thin film selective 
surfaces for solar-thermal collectors in order to harvest more solar energy. A solar-thermal 
energy system, generally, shows very high solar absorption of incident solar radiation from 
the solar-thermal collectors in the visible range (0.3 to 2.5 μm) and extremely low thermal 
losses through emission (or high reflection) in the infrared region (≥ 2.5 μm). The 
efficiency of a solar–thermal energy conversion system can be improved by the use of solar 
selective surfaces consisting of novel metallic nanoparticles surrounded in metal 
nitride/oxynitrides systems. In order to enhance the effectiveness of solar thermal devices, 
solar selective surfaces with high thermal stability are a prerequisite. Over the years, 
substantial efforts have been made in the field of solar selective surfaces to attain higher 
solar absorptance and lower thermal emittance at high temperature (above 400 °C) 
applications. In this article, we review the present state-of-the-art transition metal nitride 
and/or oxynitrides based vacuum sputtered nanostructured thin film coatings with respect 
to their optical and solar selective surface applications. We have also summarized the solar 
selectivity data from recent published literature investigations, including discussion on 
some potential applications for these materials.    
 
2.1  General Introduction 
Over the years, scientists and technologists around the world have been showing enormous 
research interest in investigating the transition metal nitride thin films based large band-
gap semiconductors in their pure state and with various dopants, because of their 
widespread applications in spintronics and nonvolatile storage devices [1-3]. Binary nitride 
films such as AlN, GaN and InN have been extensively used in light emitters and detectors 
(in ultraviolet and visible range), and optical storage devices [4]. Each of these materials 
has a wide band-gap. Due to their exceptional thermal and chemical stability and higher 
physical hardness, GaN and AlN are also very popular in microelectronic applications [5]. 
Silicon and silicon-titanium based nitride thin films are largely used in many optical 
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devices such as active and passive optical planar waveguides, and antireflecting coatings 
[6, 7]. Due to their enhanced mechanical and functional features such as superelasticity and 
shape memory effects, TiNi-based nitride alloys are widely used in the design of 
instruments, aerospace technologies and medicine [8, 9]. The incorporation of an 
appropriate amount of additive can remarkably improve the properties of such materials by 
inducing various defects such as vacancy, atom substitution, deformation, and cluster 
formation [10]. In a recent report, C-doping on CrAlN carried out by Zeng et al. [10] 
confirmed that C-doped dispersed clusters results in superior resistivity at low frequency. 
Structural, optical and electrical properties of Mn- and Cr-added GaN diluted magnetic 
semiconductors (DMSs) were inspected for their potential applications in electronic and 
spin-dependent photonics [11-13]. Endrino et al. [14] studied the effect of Si on the TiN 
and AlCrN thin films via XRD and NEXAFS methods. The addition of Si to the transition 
metal nitride matrix can remarkably improve their physical hardness, toughness and 
oxidation resistance [15, 16]. However, a higher amount of Si-content results in lowering 
the crystallinity by forming the amorphous silicon nitride (Ni3N4) phase [14].  
 
The transition metal nitride based coatings are considered as potential candidates to be used 
in solar selective surface applications due to a good combination of chemical-, corrosion-, 
oxidation-, and wear resistance behaviours, extraordinary thermal stability and tunable 
optical properties e.g., refractive index, absorptance, reflectance and transmittance [17-20]. 
Despite their technological importance, thus far there have been a very limited number of 
investigations on optical selectivity in the presence of various dopants. For the selective 
surface applications, these coatings must possess high solar absorption in the visible range 
and low thermal emittance in the infrared range of the solar spectra. Widespread 
applications and steadily increasing scientific interests in transition metal nitrides have 
been dedicated to the development of new thin film composites with superior properties. 
Properties of nanocomposite transition metal nitrides can be controlled by the type and 
level of elemental dopant and fabrication procedure. Nanocrystalline transition metal 
nitrides, carbides and carbonitrides are investigated due to their interesting optical and 
decorative properties [21-25]. Correlations between chemical structure and optical 
properties [21, 22, 25], and structural morphology and optical behaviours of CrN, ZrN, TiN 
systems have been established [21]. Interrelationships among the mechanical properties, 
chemical composition, optical properties,  and crystal structure of DC magnetron sputtered 
metal nitride thin film coatings was investigated by Zeman et al. [26].  Nanocrystalline 
titanium nitride thin films have applications in different areas of semiconductor device 
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technology e.g., gate electrodes in field-effect transistors, Al diffusion barriers, and ultra-
large scale integrated circuits [27-29]. The electronic properties of titanium nitrides and 
carbides have been extensively studied under different experimental and theoretical 
approaches [30-34], however optical studies of these materials has not received significant 
concentration either experimentally or theoretically [30, 35, 36], especially the solar 
selectivity studies are quite rare [37-43]. 
 
The optical analysis of solid materials is very important in order to understand their 
fundamental characteristics, find their preferable device applications, and identifying other 
potential zones in which they would demonstrate higher competence. Furthermore, from 
the simple dispersion relation of refractive index of a solid material, the oscillator energy 
E0, dispersion energy parameter Ed, the refractive index at zero photon energy n0, dielectric 
constant at high frequency ε∞, the oscillator position λ0, the oscillator strength S0, and loss 
tangent, volume and surface energy losses are calculated. To date, there has been much 
scientific articles that have expounded the correspondence between electronic structure and 
phase stability of metal nitride based films [44, 45].  Transition metal nitride based thin 
film coatings also have been found their prospective applications as high temperature 
structural materials and gate dielectrics in microstructural devices [46]. Meanwhile, 
attempts at producing new doping materials and research on improving their unique 
properties are still ongoing [47]. To the best of our knowledge, comprehensive studies on 
optical and dispersion analysis of transition metal nitride based thin film materials have not 
been carried out. In view of these issues, this paper intends to build up a systematic 
theoretical background in studying the optical, electronic and dielectric behaviors of 
transition metal nitride based thin film coating together with a focus onto the recent 
development of such thin film composites for the applications of solar selective surfaces. 
Thus, it is believed that this review work would provide substantial theoretical aspects and 
some recent experimental data on the solar selectivity values of transition metal nitride 
based thin film coatings and assist researchers to carry out research in this field.  
 
2.2  Optical Properties of Materials  
The optical properties of a material mean its response after being exposed to the 
electromagnetic spectrum of solar radiation. When a solar radiation is incident upon a 
material’s surface, electromagnetic radiation may be reflected back, refracted through the 
material, absorbed by the material, transmitted through the materials, scattered by atoms 
and molecules, and so on. Interactions of light with matters predominantly depend upon 
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the frequency of the incident radiation and the characteristics of the atoms in the materials. 
In the subsequent sections, we introduce some fundamental optical parameters, theories, 
principles and concepts associating with the behaviors of electromagnetic radiation and 
their interactions with materials.  
 
2.2.1 Optical Parameters 
Upon the incidence and interactions of solar (or electromagnetic) radiation onto the surface 
of an object, depending on the energy of the incident photon and nature of the atoms of the 
material, a large number of various phenomena could arise. In the following sections, we 
discuss some of the specific optical parameters within the scope of this study. 
 
2.2.1.1 Optical Reflection  
As the light is incident on a surface at a certain specific angle, it changes the direction at 
the interface of two media and returns back into the medium from which it has originated. 
Reflection of light depends on the nature of the interface. Generally, reflection of light 
arises whenever light passes through the interface of two media having two different 
refractive indices and surface roughness. It is to be noted that a small fraction of the incident 
light is reflected from the interface while the rest is refracted through the surface. Reflection 
of light obeys the following rules: 
a. The incident beam, reflected beam and the normal to the reflection surface all lie in 
the plane of incidence. 
b. The angle of incidence must be equal to the angle of reflection. 
Reflectivity or reflectance is also defined as the fraction of the incident light that is 
reflected at the interface. In mathematical form it is expressed as, 
𝑅 =  
𝐼𝑅
𝐼0
       (1) 
where IR and I0 are the intensities of the incident and reflected light respectively. In the 





       (2) 
where n1 and n2 are the indices of refraction of two media. However, if the incident beam 
is not perpendicular to the interface, R will be a function of the angle of incidence. Since 
the index of reflection of air is near about unity, hence when light travels from air into a 





       (3) 
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Accordingly, the higher the index of refraction of the solid medium, the lower the 
reflectivity is. The refractive index of a solid material depends on the incident beam’s 
wavelength, thereby the reflectivity also varies with the wavelength.  
 
2.2.1.2 Optical Refraction and Refractive Index 
Two optical constants: refractive index (n) and the extinction coefficient (k) are 
conveniently used to represent the propagation of electromagnetic waves and the 
dissipation of energy in the medium of propagation. Assuming the material to extend 
indefinitely, the complex refractive index can be defined by the following function, 
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1
2        (4) 
Complex wave vector,   
    ?̅? = 
𝜔
𝑐
 ?̃?  = 
𝑛𝜔
𝑐
+  𝑖 
𝑘𝜔
𝑐
      (5) 
where the refractive index n and the extinction coefficient k are defined in terms of by the 
conductivity (𝜎1), the permeability (𝜇1), and the dielectric constant (𝜖1):  
    𝑛2 = 
𝜇
2








+  𝜖]    (6) 
    𝑘2 = 
𝜇
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−  𝜖]    (7) 
Equations (6) and (7) relate to the propagation of the electromagnetic waves in the matter. 
The quantities 𝜖, 𝜎  and 𝜇 are defined only when 𝜔 = 0. Thus, in terms of n and k the 
dielectric constant, permeability and conductivity are expressed: 
    𝑛2- 𝑘2 = 𝜖𝜇       (8) 
    2𝑛𝑘 =  
4𝜋𝜇𝜎
𝜔
        (9) 
Thus, Eq. (4) can be rearranged as, 
    ?̃?2=[𝜇(𝜖 +  𝑖
4𝜋𝜎
𝜔
)] = 𝜇𝜖̃ ≈ 
4𝜋𝑖𝜇?̃?
𝜔
    (10) 
The absolute value of ?̃? and the phase difference 𝜙 between the magnetic and dielectric 
field vectors are given by, 
    |?̃?| =  (𝑛2 + 𝑘2)
1
2        (11) 
    𝑡𝑎𝑛𝜙 = 
𝑘
𝑛
        (12) 
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In an ideal insulator or in free space, the electric and magnetic fields are in phase because 
k = 0.  However in a metal at low frequencies, 𝑛 ≈ 𝑘 and phase difference 𝜙 =  45°.  
 
2.2.1.3 Optical Scattering 
Scattering is a physical process where various types of waves (light, sound etc) or particles 
are deviated from their straight trajectory due to some localized irregularities in the medium 
which they pass through or at the interface between two media. Scattering may arise as a 
result of the physical collision between electrons, protons, atoms, molecules, photon or 
other kinds of particles. Absorption and scattering are two major physical processes that 
contribute to the visible appearance of most objects. The visual appearance of an object 
which is described as white is caused by the multiple scattering of light by internal or 
surface inhomogeneity. A highly scattering surface of an object appears dusty or dull 
whereas in the absence of scattering the object exhibits a refined and glossy appearance. 
Scattering in light can be caused via two mechanisms: surface scattering and volume 
scattering. Surface scattering emerges from the interaction of photons of light with the 
surface of a material, while volume scattering occurs only in the bulk of the material and 
is completely independent of the surfaces of the material. Surface scattering of light is a 
consequence of the interaction of light photons with the electric field of a particle or 
molecule of a material. The incident photons induce oscillating dipoles around the electron 
cloud and radiate energy in all possible directions. This radiated energy is known as the 
scattering of light. Scattering of light by individual particles depends on the particle’s size, 
refractive index and wavelength of the incident light. 
 
2.2.1.4 Solar Absorptance  
A material can absorb the solar radiation either via electronic polarization or valence band-
conduction band electron transitions. The first kind of absorption arises at light frequencies 
around the relaxation frequency of the constituent atoms, while the second mechanism 
depends on the energy band-gap, and band structures of materials. When solar radiation is 
incident upon the surface of a material, it is absorbed by the excitation of an electron from 
the nearly filled valence band travels across the band gap, and into an empty state within 
the conduction band. Consequently, a free electron is created in the conduction band 
leaving a hole behind the valence band. Absorption of light obeys the following 
relationship, 
ℎ𝜈 ≥  𝐸𝑔       (13) 
 





≥ 𝐸𝑔       (14) 
The maximum and minimum energy band-gap at which light is absorbed are expressed as, 
𝐸𝑔(max) =  
ℎ𝑐
𝜆𝑚𝑖𝑛
       (15) 
𝐸𝑔(min) =  
ℎ𝑐
𝜆𝑚𝑎𝑥
       (16) 
However, the intensity of the absorbed solar radiation depends on the nature of the medium 
and exponentially decreases with distance traversed by the light according to the following 
relation, 
𝐼 =  𝐼0𝑒
−𝛽𝑥      (17) 
where x is the intensity of the incident radiation and β is the absorption coefficient, 
characteristic of the particular material. Materials that possess large β are highly absorptive. 
Upon the incidence of solar radiation into the surface of a material, some part of the light 
is absorbed, some portion is reflected back to the medium while the rest being transmitted 
through the material 
 
According to the principle of conservation of energy, the summation of the solar 
absorptance, reflectance and transmittance is unity.  
    𝛼(𝜆) +  𝜌 (𝜆) + 𝑡(𝜆) = 1     (18) 
For a highly reflecting or opaque surface, the transmission coefficient is zero i.e., t(λ) = 0 
and energy is absorbed or reflected from all directions. In thermodynamic equilibrium, for 
a certain specific wavelength the absorptance of an object is equal to the emittance. Hence, 
Eq. (18) can be written as,  
𝛼(𝜆) =  (𝜆) = 1 −  𝜌(𝜆)     (19) 
The solar absorptance of a material’s surface is defined as a fraction of the solar radiation 
incident on the surface of the material that is absorbed. According to Duffie and Beckman 









      (20) 
where ρ(λ) is the reflectance as a function of the wavelength, λ and Is is the intensity 
distribution of the incoming photons.  
 
In the solar absorption process of solar selective coatings, the valence electrons absorb 
energy from the sunlight and jump into the conduction bands. But the essential condition 
has to be satisfied is ‘the energy of photons must be equal to greater less than the gap of 
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forbidden energy band as described in Eq. (13). Generally, the transition metals Cr, Mn, 
Ni, Mo, etc have excellent forbidden energy gaps, and after the introduction of various 





2.2.1.5 Thermal Emittance 
The thermal emittance of an absorbing medium is defined as the weighted fraction of the 
emitted solar radiation and can be calculated using the intensity distribution of a blackbody 
spectrum within the operating temperature. According to Duffie and Beckman method, the 
thermal emittance of a material is defined as [48],  







     (21) 
where Ip is the intensity distribution  of the Planck black-body. 
 
The solar absorptance and thermal emittance are material-dependent parameters which can 
be calculated using the optical reflectance data of UV-Vis and FTIR measurements of 
materials within a certain wavelength range.   
 
 
2.2.1.6 Solar Selectivity 
Generally, an ideal solar selective surface would have zero reflectance in the visible range 
of the solar spectrum and 100% reflectance in the infrared region of the solar spectrum 
which corresponds to the thermal radiation spectrum of a blackbody at the operating 
temperature of the absorbing surface. In real life, no such ideally selective surface exists 
that absorbs 100% of the incident solar radiation in the visible range and reflects 100% of 
the incident solar radiation in the IR range. However, in the laboratory we can fabricate 
solar selective materials that can maximize the solar absorption in the visible range and 
minimize the energy lost via thermal emittance. A very common way of preparing a solar 
selective surface is to apply a highly solar absorptive thin film onto a non-selective highly 
reflective metal substrate which is generally known as absorber–reflector tandem system. 
Absorption, transmission and emission from such an absorber–reflector tandem system are 























Figure 1. Phenomenon of absorption, reflection and transmission of solar radiation. 
 
The spectral features of an ideal solar selective surface and the basis of a real solar selective 
surface are clearly demonstrated in Figure 2 [49]. At earth’s surface, the incident solar flux 
is limited to the range between 0.3 and 2.5 μm (in the UV-Vis-NIR wavelength range) with 
the maximum solar intensity at 0.55 mm. In the infrared and far-infrared (IR-FIR) range of 
the solar spectrum, the optical response of a real material can be characterized by its 
thermal emission compared to an ideal blackbody at 100, 200 and 300 °C. Figure 2 
indicates that as the temperature of the blackbody increases, energy emission is increased 
and the peak positions are moved towards the shorter wavelength sides of the spectrum. 
These features indicate the potential of patterning a material that absorbs the maximum 
amount of incident solar radiation and reemits a minimum amount of the absorbed 
radiation. This is the fundamental concept of forming an ideal solar selective surface. The 
performance criterion of a solar selective surface is, generally, evaluated by the ratio of the 
solar absorptance (α) to the thermal emittance (ε) via following relation, 
𝑠 =  
𝛼
𝜀
        (22) 


















Figure 2. Spectral features of an ideal and real solar selective surface, the solar spectrum 
at AM 1.5 (ISO standard 9845-1 (1992)) and the blackbody-like emission spectra at 
temperatures 100, 200 and 300 °C. Reprinted with permission from Ref. [49]. 
 
In a typical solar thermal conversion system, the sunlight is strongly absorbed as heat at 
the absorbing surface and a very little portion of the incident solar radiation is lost to the 
environment via convection and radiation. As already described, an absorbing surface, 
which absorbs the major portion of the incident photons and has very low infrared 
emittance, is known as the solar selective surface. A spectrally selective absorbing surface 
based on cermets are composed of ceramics and metal components. An effective spectrally 
selective surface can be formed by integrating with an antireflection coating (ARC) and an 





















Figure 3. The anti-reflection coating (ARC) helps to reduce solar reflection off the 
surface; the cermet provides solar absorption; and the IR reflector (e.g., Cu, Al, Mo, or 
other metal with low intrinsic emissivity) aids to decrease the radiation losses. The 
substrate can be either a metal or a glass. Reprinted with permission from Ref. [50]. 
 
Double cermets based selective solar coatings can be deposited onto metal (stainless steel, 
SS) or glass substrates using sputtering system. A multilayer film was deposited on flexible 
metal or glass substrates: from the bottom side, a Mo IR reflector layer, a high metal 
volume fraction (HMVF) metal oxide layer, a low metal volume fraction (LMVF) layer, 
and an antireflection coating on the top of film surface (see Figure 4) [51]. Another similar 
type of solar selective design has been proposed elsewhere [52]. Each layer deposited onto 
glass and stainless steel substrates in order to successive measure of the film thickness, 




















Figure 4. Solar selective designs of cermet based solar selective surface. Reprinted with 
permission from Ref. [51]. 
 
In a cermet based solar selective coating, metal component is surrounded in the dielectric 
matrix by a metal oxide, metal nitride, or metal oxynitride constituents. A cermet shows 
ceramic behaviors in the visible range of the solar spectrum and metallic properties in the 
infrared spectrum. The film thickness, constituents, particle size, shape and orientation, and 
metal volume fraction in the matrix, strongly affect the ceramic and metallic properties 
exhibited across the visible and infrared spectra. Higher film thickness and reduced particle 
sizes are favorable for higher solar absorptance, while an increase in particle radius results 
in an alteration of the solar absorption and scattering, and thereby causing a lower 
absorption in the visible spectra. At the same time, the thermal emittance in the can be 
decreased by reducing the film thickness and increasing the metal volume fraction [53]. In 
general, smaller size particles are influenced by the interference phenomena and are more 
sensitive to thickness changes. Thus, the desired optical properties of the cermet based solar 
selective coatings can be achieved by optimizing the film thickness and particle diameter. 
The microstructure and spectral selectivity of a series of thin films based solar selective 
cermets coating integrated with Al2O3 antireflection layer exhibited a high solar 
absorptance of 0.92 and a relatively low thermal emittance of 0.19 at 80 oC [54]. However, 
after the films being annealed at 800 oC for 2 hours in vacuum, the solar absorptance was 
dwindled to 0.91 and the thermal emittance attained to 0.27. It is suspected that after high 
temperature annealing, some defects such as widened the grain boundaries, cracks and 
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holes were initiated around the Al2O3 layer, which induces the Mo diffusion, and worsen 
the spectral selectivity values of the deposited coatings. During the high temperature 
annealing, the microstructure of solar selective coatings is changed which also plays an 
important role in altering the solar selectivity behaviors because grain size of the coatings 
is diligently associated with the optical properties. As the grain size is decreased, the 
scattering of the ultraviolet light (within the range of 300-400 nm) gets stronger and thereby 
reduce the reflectance. The solar absorptance of AlCrON coatings was increased, while the 
grain size was decreased, after the samples being annealed at 500 °C in air [55]. In another 
study, Zheng et al. [56] reported that vacuum annealing at 600 °C causes the refinement of 
Mo grains, forming a denser and compact cermet layer. Consequently, the solar thermal 
conversion efficiency was increased by 0.6%, however 800 °C annealing resulted to the 
anomalous growth of Mo grains, and a decrement of the solar thermal conversion efficiency 
by 1.3%. This reveals the fact that the grain boundaries and interfaces have excess energy 
after synthesis of the films, and the minimization of the total energy delivers a driving force 
of the grain size refinements. It is also assumed that with the increase of heat treatment 
duration, the residual stress will release via boundary diffusions or atomic movements, and 
thus enables the grain size refinements. Apart from abnormal grain size refinements, there 
exist many other defects that intensely impact the various properties of solar selective 
coatings, such as widened interface, presence of water molecules, oxidations, presence of 
cavity, and cracks.  
 
2.3 Other Optical Properties  
Generally, optical studies of materials are predominantly based on the transmittance and/or 
the reflectance measurements in the UV-visible range of the solar spectra. Using the UV-
visible transmittance and/or the reflectance spectra, a number of other optical parameters 
can be estimated which provide substantial information on structural, optical and electronic 
mechanisms occurring in these materials, and their fundamental characteristics [57]. The 
subsequent sections of this review article describes a large number of optical and dielectric 
properties of solid materials which will be useful for materials researchers.  
 
The optical band structure and the types of electron transition involved in the absorption 
process of thin film coatings and other materials can be identified from the linear absorption 
coefficient [58, 59],  
  𝛽 = 2.3026 
𝐴
𝑑
       (23) 
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where 𝛽 is the absorption coefficient, A is the solar absorptance assessed from the UV-Vis 
reflectance data, and d is the thickness of the films.   
 
In the crystalline and other materials the optical energy gap, Eg and the electron transition 
type can be estimated from the absorption coefficient and optical absorption edge using 
Tauc relation [6-62], 
𝛽ℎ𝜈 = 𝐶(ℎ𝜈 − 𝐸𝑔)
𝑥     (24) 
where, β is the absorption coefficient, h  is the incident photon energy, h is Planck’s 
constant,   is the frequency of incident light, C is an energy independent constant, Eg is 
the optical band-gap and x has a value of either 
1
2
 or 2 for the direct and indirect optical 
transitions, respectively. The direct energy band-gap is estimated by plotting h vs (αh)2 
and extrapolating the linear portion of the curve to (αh)2 = 0 along the x-axis while the 
indirect band-gap can be computed by plotting h vs (αh)1/2 and extrapolating the linear 
part of the curve to (αh)1/2 = 0 along h-axis. 
 
Since the solar absorption in a material depends on the existence of localized states in the 
forbidden energy band-gap, the solar absorption spectra can provide with the significant 
information about the localized states and the occurrence of disorderness in the material. 
Below the optical band-gap, the absorption coefficient shows an exponential decline by 
forming so-called Urbach tails, and is expressed as,  





      (25) 
where β0 is a constant and Eu is the Urbach energy indicates the widths of optical absorption 
edges. Equation (25) can be rearranged as,  
𝛽 =  𝛽0exp (
𝛾ℎ𝜈
𝑘𝐵𝑇
)      (26) 
where γ is the steepness parameter denoting the broadening of absorption edges and 
expressed as, 
𝛾 =  
𝑘𝐵𝑇
𝐸𝑢
       (27) 
The complex refractive index, used to interpret many other properties of thin film materials 
and their derivatives, is defined as, 
𝑛∗ =  𝑛 + 𝑖𝑘       (28) 
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where  n is real, and k is the imaginary part of the complex refractive index known as the 
extinction coefficient which can be directly estimated from the known value of α via 
following relation, 
𝑘 =  
𝛼𝜆
4𝜋
       (29) 
The refractive index, n is defines as, 






− 𝑘2     (30) 
where R is the reflectance in percentages, and k is the well-known extinction coefficient. 
 
The phenomenon of optical dispersion plays an important role in optical communication 
and in the design of optical devices. Using DiDomenico et al.’s single oscillator model 
[63], the relationship for the dispersion of refractive index below the energy band-gap of a 
material is represented as, 






 (ℎ𝜈)2     (31) 
where Ed is the dispersion energy indicating the strength of optical transition and E0 is the 
single oscillator energy. The values of dispersion energy parameters can be calculated from 
the intercept of a straight line drawn between (μ2-1)-1 and (ℎ𝜈)2 to (μ2-1)-1 axis, (E0/Ed) and 
the gradient/slope (E0Ed)
-1. The optical dispersion energy parameters E0 and Ed also depend 










      (32) 
The strength of oscillator energy, E0 and dispersion energy, Ed values are also related to 
the crystalline structure and ionicity of ionic or covalent materials which reveals that in 
addition to the optical properties, the single oscillator model can be applied to gain the 
structural information of a material [65]. The oscillator strength, f is defined by Wemple 
and DiDomenico single oscillator model is given by [63],  
𝑓 =  𝐸0𝐸𝑑        (33) 
The high frequency optical dielectric constant, ∞ known as static dielectric constant, and 
the  static refractive index, n0 is associated with the oscillator energy, E0 and dispersion 
energy, Ed by the following relation [64], 
 𝑛0
2 = ∞ = 1 + 
𝐸𝑑
𝐸0
       (34) 
In the longer wavelength regions, the dispersion of refractive index is expressed in terms 











      (35) 
where λ0 is the average inter-band oscillator wavelength and n0 is the refractive index at 
zero photon energy. Equation (35) can be re-ordered to,  







      (36) 
where S0 is the average oscillator strength related to the  inter-band oscillator wavelength 





2        (37) 
The complex dielectric function of solid materials can be defined using the dispersion 
relation of the incident photon, 
(𝜔) =  1(𝜔) + 𝑖 2(𝜔) =  (𝑛(𝜔) + 𝑖𝑘(𝜔)) 
2    (38)  
where 1 and 2 are the real and imaginary parts of the complex dielectric constant, 
respectively are correlated to the refractive index and extinction coefficient as [66], 
1 = 𝑛
2 − 𝑘2 and 2 = 2𝑛𝑘    (39) 
Since below the optical band-gap energy, the free carrier absorption play a significant role 
in the absorption process thus, the real part of dielectric constant, 1 must include the carrier 
contribution and take the following relation [68], 
1 = 𝑛




) 𝜆2    (40) 
While the imaginary part of the dielectric constant, 2 will be written as, 




) 𝜆3      (41) 
where ε∞ is the dielectric constant at high frequency, e is the electron’s charge, c is the 
speed of light, ε0 is the permittivity of free space, N is the free carrier concentration, m
* is 
the effective mass, ωp is the plasma frequency, τ is the relaxation time and k is the extinction 
coefficient. The ε1 and ε2 represent the quantity of energy deposited in dielectrics as 
polarization and energy loss, respectively. In solid materials, power loss in the form of heat 
is known as loss tangent, and is normally associated with the inelastic scattering in charge 
transfer and charge conduction processes during device operations. Mathematically, the 
loss tangent is defined as, 
𝑡𝑎𝑛𝛿 =  
𝜀2
𝜀1
        (42) 
 
45 
It measures the loss-rate of power in a mechanical and oscillatory dissipative system. This 
power loss is related to the fact that dipole alignments become insignificant at lower 
temperatures however, at higher temperatures the orientations of dipoles are governed by 
the thermal excitements and thereby the power loss is enhanced.  
 
In dielectric materials, the inelastic scattering of electrons is associated with energy loss 
functions known as volume energy loss function, Vel and surface energy loss function, Sel 
[66]. 
𝑉𝑒𝑙 = 𝐼𝑚 (−
1
𝜀(𝜔)




2      (43) 
𝑆𝑒𝑙 = 𝐼𝑚 (−
1
𝜀(𝜔) + 1 




2      (44) 
As seen from Equations (43) and (44), the energy loss functions are connected to the 
optical characteristics of a material by its real and imaginary parts of dielectric function. 




       (45) 
where ε∞ is the dielectric constant at high frequency, and ε1 and ε2 are the real and imaginary 
parts of the dielectric functions, respectively.  
 
The optical absorption coefficient, β is used to estimate the optical conductivity of solid 




       (46) 
where n is the refractive index and c is the speed of light. 
 
2.4 Solar Selective Surfaces  
A spectrally selective solar surface has different spectral reflectance at different 
wavelengths. An ideal selective solar absorbing surface should have a zero reflectance in 
the visible range (between 0.3 and 3 μm) and unity in the IR region (between 3 and 50 μm) 
which does not exist in nature, and it is not possible to fabricate such a device either. Solar 
radiation at Earth’s surface is in the wavelength range of 300 to 2500 nm with the maximum 
solar intensity at ~550 nm, the selective characteristics of an object in the infrared range 
can be defined by its thermal spectrum similar to that of a blackbody. Figure 2 demonstrates 
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the thermal emission spectra of an ideal and practical selective surface and the solar 
spectrum at AM1.5 and the blackbody-like spectra at different temperatures. W. Wien 
interpreted these data in the following way: the wavelength at which the intensity of a 
material reaches to a peak is inversely proportional to the absolute temperature of that 
material- the well-known Wien's displacement law. The corresponding frequency of the 
emitted radiation by a blackbody can be estimated using the Wien’s displacement law. 




= 2.898 × 10−3 m · K      (47) 
where λmax is the maximum wavelength and T is the absolute temperature of the black body. 
A hotter object emits the shorter the wavelengths radiation. Wien’s displacement law 
indicates the peak shift towards the shorter wavelength sides with the increase in 
temperature and Stefan-Boltzmann law construes the height of spectra as the rise in 
temperature of a blackbody. According to Stefan’s law: this growth is not continuous; 
rather it varies with the fourth power of the absolute temperature of the material.  
Since the discovery of solar selective surfaces by Tabor [70] back in 1950’s, a great deal 
of literature is now available on the detailed overview, design and fabrication of solar 
selective surfaces. For instance, intrinsic solar absorbers, coating/metal tandems, 
multilayer thin films, optical trapping absorbers, semiconductor/metal tandems, and 
transparent heat reflector/absorber tandems [71-74]. Among the existing solar selective 
surfaces, an absorber-reflector tandem formed by a combination of a highly absorbing 
surface in the visible range and a highly reflective surface in the infrared region of the solar 
spectra, is the most common type of commercially available selective absorbers [71, 75]. 
Absorber-reflector metal based tandem solar selective absorbers have been extensively 
studied by many research groups around the world [76-79]. Over the years, many different 
types of solar selective absorbing coatings have been studied and developed via numerous 
approaches [80]. For example, metal nitride based cermet solar selective coatings (MeAlN) 
deposited via magnetron sputtering system in which AlN worked as the ceramic component 
in the cermets and stainless steel [81]. In another study, electrochemical deposition method 
was successfully utilized for the growth of black chromium or black nickel thin film based 
solar selective surfaces for the effective transformation of solar energy into the thermal 
energy [82]. Various types of solar selective surface designs and their optical 
characteristics are extensively elucidated in earlier reports [83, 84]. A few solar selective 
surfaces and their design methodologies are briefly presented in the subsequent sections. 
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2.5 Selective Solar Absorber Designs 
Transition metal based compounds and semiconductors are known to work well as the 
intrinsic solar selective materials [78, 85]. Majority of the commercially manufactured 
solar selective surfaces are of absorber-reflector tandem type. Some of the commonly used 
solar selective designs are briefly discussed in the following sections.  
 
2.5.1 Intrinsic Solar Absorber Materials 
First group includes materials have intrinsically absorbing selectivity in nature mass 
absorbers [86]. This type of solar selective surfaces have high structural stability than the 
multilayered stacks. ZrB2 is considered to be one of the best absorbers  of this type known 
today [87], some of the other examples include SnO2 [88], MoO3-doped Mo [89], Si doped 
with B, and CaF2 [90]. It is well known that none of the naturally occurring materials 
displays intrinsically ideal solar selective behaviors but roughly can be approximated to 
have some decent solar selective characteristics. Transition metals and semiconductor 
demonstrate solar selective properties to a certain degree but both of them needed to be 
modified to serve the purpose of an intrinsic solar selective absorbing material. Till date 
reports on the intrinsic absorber materials is very scant due to the fact that there are no ideal 
intrinsic materials. However, intrinsic materials are enjoying significant research interests 
to be used as a component in high-temperature multilayer solar selective materials and 
composite absorbing thin film based coatings. 
 
2.5.2 Semiconductor-metal Tandem Surfaces 
Low band gap (0.5 to 1.26 eV) semiconducting materials (such as Si, Ge, and PbS) based 
solar selective coatings are, generally, deposited onto highly reflecting metal substrates so 
that it absorbs the short-wavelength solar radiation, and the metal substrates deliver low 
emittance to achieve a reasonably high selectivity value by the semiconductor-metal 
tandems. Upon the incidence of solar radiation, photons having energies larger than the 
band-gaps are absorbed and the photons with energy less than the band-gaps of the material 
are passed through the surface. In order to attain higher solar absorptance, the refractive 
index of the semiconductor-metal tandems must be kept to a minimum. But it is well-
known that the semiconductor based coatings possess a high refractive index. A minimum 
value of the refractive index parameter can be attained by adjusting the thickness of the 
coatings or by using an antireflection layer on the top of the coating surface (examples of 
AR layers: SiO2, Si3N4, and Si) [91]. These AR layers are successfully used to obtain a 
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destructive interference effect.  Sometime thin semiconductor films of high porosities are 
also used to reduce the refractive indices.     
 
2.5.3 Textured Surface Coatings 
Solar selective surfaces are also synthesized by texturing the surfaces to a suitable scale on 
metal substrates to obtain the desired spectral selectivity by the optical trapping of solar 
energy. A properly textured surface appears rough and absorbs solar energy in the shorter 
wavelength regions and looks highly reflective and mirror-like to thermal energy in the 
infrared region of the solar spectra. The textured surface absorbs solar energy by capturing 
the solar radiation via multiple reflections and absorptions processes. Textured Cu, Ni, and 
stainless steel prepared by sputtering techniques are popularly used as textured metal 
surfaces [92, 93].  Microstructural morphology of the textured coatings can be shown as a 
top absorbing layer of air filled metal i.e., rough surface backed by a highly reflecting metal 
substrate. The thermal emittance of a solar selective material can be also adjusted by 
altering the microstructure of the coatings via ion-beam treatments. A properly orientated 
textured surface can also improve the solar absorption and thermal emission of a solar 
selective absorber. Examples of such properly orientated flat-plate textured solar selective 
surfaces are available elsewhere [94].  
 
2.5.4 Metal-dielectric based Composite Selective Coatings 
Composite based solar selective surfaces are usually transition metals embedded in an 
oxide matrix (dielctric) also known as cermets. Composite coatings are usually deposited 
on a highly infrared reflecting metal substrate. Composite coatings absorb solar radiation 
strongly and are almost transparent in the IR region and exhibit good optical properties 
appropriate for selective solar absorbing surfaces [95, 96]. Metal-dielectric based 
composite solar selective coatings or absorber-reflector tandems have highly absorbing 
black materials in the solar region which is very transparent in the longer wavelength region 
and are deposited onto highly reflective metal substrates. They are composed of fine metal 
particles in a dielectric or ceramic matrix, or a porous oxide impregnated with metal. The 
high transparency in the IR region and strongly absorbing in the solar region of these 
materials arise due to the fact of interband transitions in the metal and the small particle 
resonance. The high absorptance of these materials may be intrinsic, or geometrically 
enhanced, or the combination of both. Using a metal-dielectric assembly, the solar 
selectivity value can be significantly enhanced by proper choice of constituent elements, 
particle concentration, particle size and shape, and an appropriate coating thickness. The 
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solar absorptance of system can be improved with a suitable choice of substrates and 
adopting an anti-reflection layer. A large number of different techniques, such as 
electroplating, inorganic pigmentation of anodized aluminium, chemical vapour 
deposition, and physical vapour deposition are widely used to produce the metal-dielectric 
based composite solar selective surfaces.  
 
For example, metal-dielectric composite coatings with thickness 0.5 to 1.0 μm, and volume 
fraction of 0.3 to 0.4, have a solar absorptance of between 0.94 to 0.97 and a thermal 
emittance of  ~0.10 to 0.20 [95-98]. Metal-dielectric based selective solar surfaces e.g., 
molybdenum-aluminium oxide (Mo-Al2O3), and nickel/nickel oxide (Ni-NiOx), both 
produced by magnetron sputtering technique, nickel pigmented anodic aluminium oxide 
(Ni-Al2O3), and electroplated black chrome (Cr-Cr2O3) are commercially available for flat 
plate solar collectors [96, 97, 99, 100]. While a ceramic-metal absorber with an anti-
reflection layer on the top could attain a solar absorptance of 0.91 to 0.97 and a thermal 
emittance of 0.02 to 0.07 [101]. In cermet coatings, higher degree of absorption is achieved 
due to the light scattering by the boundaries between the metallic and dielectric phases 
[102, 103], where the metallic particles work as modifiers for the optical response of the 
ceramic phase [104, 105].  
 
2.5.5 Painted Solar Selective Coatings 
Solar selective absorbing paints are simple and cost-effective tandem type absorbing 
surfaces which are uniformly distributed in a matrix and can be produced on metal 
substrates [106-114]. Since the selective paints usually contain various types of polymers 
as binders that absorb infrared radiation, consequently having a higher thermal emittance 
and thereby a lower solar selectivity value. The optical performances of solar selective 
paints are, generally, governed by intrinsic optical constants, particle size-dependent 
scattering and absorption. In an experimental study on FeMnCu-oxide pigment with a 
silicone binder found to offer a solar absorptance of 0.92 and a thermal emittance of 0.13 
[115]. The solar selectivity values of such pigmented surfaces depend on the distribution 
of particles in the matrix, particle volume fraction and coatings thickness. Sol-gel derived 
CuCoMnOx pigmented solar selective coatings developed without binder have been well-
known for lower thermal emittance values [116, 117]. Spinel or metal oxide type solar 
selective paints of less than three components of transition metal are reported by other 
groups [118-120]. CuMn spinel oxide solar selective paints are very popular for their smart 
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performances in industrial applications [120]. The Solarect-Z, and the SolkoteHI/SORB-
II™ are the commercially used solar selective paints.  
 
2.6 Real-life Applications of Transition Metal Nitride/oxynitride based Coatings: 
Spectral Selectivity Data of Recently Developed Materials  
A large number of work have been devoted for the development of transition metal nitride 
based thin film coatings to be used as solar selective surfaces [17-20, 62]. Due to the 
variation in their optical parameters from one application to another, wide range of 
applications and steadily increased scientific demands, transition metal nitride based thin 
film coatings have been significantly concerned with the development of new species with 
superior properties. Properties of such coatings can be tailored by choosing the elements 
and varying the process parameters. Correlation among the structural morphology, 
crystalline structure, chemical structure, mechanical properties, and optical properties of 
dc magnetron sputtered metal nitride thin film coatings been studied in an earlier report 
[26]. The optical applications of transition metal nitrides based selective solar coatings 
have been extensively discussed in a previous review study [121]. In Ref. [42], magnetron 
sputtered TiAlN/TiAlON coatings synthesized onto a metal substrate demonstrated high 
solar absorptance in the visible range and low thermal emittance in the infrared range. The 
solar absorptance of TiAlN/TiAlON coatings was substantially enhanced to 0.95 by coated 
with Si3N4 antireflection layers on the top of these films. A high thermal stability in air up 
to 600 °C and high solar selectivity of 0.95/0.07 = 13.57 was achieved. Since, solar 
selective surfaces are the easiest and most direct way to enhance the solar energy harvesting 
of solar energy captors, in recent years, transition metal nitrides have received significant 
research interest for middle (up to 200 °C) and high temperature (Up to 600 °C) solar 
applications [18, 19, 42, 122-130]. The solar selectivity values of some recently published 
transition metal nitride/oxynitride based thin film coatings are listed in Table 1.  
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Table 1. Spectral selectivity values of transition metal nitride/oxynitride based thin film 
coatings as seen in the literature. 
Sample compositions Substrate 
Absorptance (α) and 
emittance (ε)  calculation 
method 
Solar selectivity, 𝑠 =
𝛼
𝜀
   
TiN Stainless steel 
UV-Vis and FTIR 
reflectivity 
8.48 [62] 
TiAlN Stainless steel 
UV-Vis and FTIR 
reflectivity 
12.92 [62] 
TiAlSiN Stainless steel 
UV-Vis and FTIR 
reflectivity 
22.63 [62] 
TiAlSiN Stainless steel 













UV-Vis and FTIR 
reflectivity 
For x = 0.21; 5.4 
[133] 
Copper 
UV-Vis and FTIR 
reflectivity 
For x = 0.58; 5.0 
[133] 
TiAlN/TiAlON/Si3N4 Copper 
Solar spectrum reflectometer 
and emissometer 
13.6 [42, 132, 134] 
TiAlN/TiAlON/Si3N4 Glass 
Solar spectrum reflectometer 
and emissometer 
13.3 [132] 
TiAlN/TiAlON/Si3N4 Stainless steel 




Solar spectrum reflectometer 
and emissometer 
6.7 [132] 
Ti1-xAlxN/Ag/ Ti1−xAlxN Glass 
















Stainless steel and 
Copper 
Spectrophotometer and FTIR 11.3 [138] 
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 TiN/Al2O3 Stainless steel 





Si(1 11) and glass 
(soda lime glass) 
UV-Vis-NIR and FTIR 
spectroscopies 
7.85 [140] 
TiAlN/SiO2  Copper and Silicon  









CrON/SnO2 Aluminium  








UV-Vis-NIR and FTIR 
spectroscopies 
15.11 [143] 
WAlN/WAlON/Al2O3  Stainless steel 
UV-Vis-NIR and FTIR 
spectroscopies 
 11.98 [144] 
CrN(H)/CrN(L)/CrON/Al2O3 Stainless steel  




Stainless steel and 
Copper 






UV-Vis spectrometer and 
emissometer  
6.79 [147] 
CrAlN/CrAlON/Al2O3  Copper 
Solar spectrum reflectometer 
and emissometer 
14.06 [148] 
CrAlN/CrAlON/Si3N4  Copper 





















Ti/AlTiN/AlTiON/AlTiO  Stainless steel 





Al-AlN Aluminium  




UV-Vis-NIR and FTIR 
spectroscopies 
10.93 [151] 
Al/NbMoN/NbMoON/SiO2  Stainless steel 






UV-Vis-NIR and FTIR 
spectroscopies 
6.41 [153] 
TiAlNx/TiAlNy/Al2O3 Stainless steel 
UV-Vis-NIR and FTIR 
spectroscopies 
 4.23 [154] 
Al/Si3N4/(Ti/Si3N4)
2 Silicon 
UV-Vis and frontier 
spectroscopies 
13.43 [155] 
Mo/ZrSiN/ZrSiON/SiO2 Stainless steel  
UV-Vis-NIR and FTIR 
spectroscopies 
15.67 [156] 
Al-AlN  Aluminum metal  
A commercial optical 
software SCOUT 
48.00 [157] 





Over the years, transition-metal nitrides and transition-metal oxynitrides based thin film 
coatings have gained substantial attention for use in mid to high temperature solar selective 
surfaces due to a good combination of their physical, chemical, optical and many other 
properties. The solar selective performance of a large number of recently developed 
transition-metal nitrides and transition-metal oxynitrides thin film based solar selective 
surfaces have been presented in Table 1. Higher values of solar selectivity of these thin 
film based solar selective coatings essentially indicating their high solar absorbance in the 
visible range and low thermal emittance in the infra-red range of the solar spectra. The 
solar selective performance of the transition-metal nitrides and transition-metal oxinitrides 
based coatings can be significantly modified by adjusting the films’ stoichiometry that 
leads to changes in the density of free electrons in the d-bands. Some of the typical UV-
Vis and FTIR spectra of the aforementioned solar selective surfaces are presented in the 
following section.  
 
A number of ZrSiN and ZrSiON absorbing layers prepared via magnetron sputtering 
system in a multi-target assembly onto the glass substrates with different reactive gas flows 
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[156]. A high solar absorptance of 0.94 and a low thermal emittance of 0.06 at 25 °C were 
achieved [156]. As seen in Figure 5, a wide range of reflectance and transmittance values, 
for the various absorbing layers, was obtained. It was further noticed that with the 
subsequent increase in the reactive gas flows the reflectance values decrease and the 
transmittance values increase which arises due to a transition from metal-like behaviour to 
dielectric-like behaviour of the absorbing surfaces. 
 
 
Figure 5. The UV-Vis (a) reflectance and (b) transmittance spectra of ZrSiN (S1, S2, S3) 
and ZrSiON (S4, S5, S6) solar selective coatings deposited onto glass substrates. Samples 
S1, S2, S3, S4, S5, and S6 differs in different amount of reactive gas flows and film 
thickness. Reprinted with permission from Ref. [156]. 
 
The Al/NbMoN/NbMoON/SiO2 solar selective absorbing coatings (See Figure 6) 
developed for its potential applications in concentrated solar power (CSP) system were 
deposited onto the stainless steel substrates via magnetron sputtering method [152]. These 
coatings show a high value of solar absorptance and higher degree of thermal stability both 
in air and in vacuum up to 450 °C however, substantial degradation of the optical 

























Figure 6. The reflectance spectra of the Al/NbMoN/NbMoON/SiO2 solar selective 
absorbing coating before and after being annealed at 450 °C and 500 °C for 200 h in air. 
Reprinted with permission from Ref.  [152]. 
 
Figure 7 shows the UV-visible reflectance spectra of as-deposited, 400 ºC and 600 ºC 
vacuum annealed RF sputtered Mo-Si3N4 solar selective coatings [159]. This first 
annealing was carried out to remove the inert sputtering gas remaining around the coating 
surfaces responsible to shrink the coating multilayers and modifying the optical 
interferences. As a result, a higher degree of optical stability was attained by the solar 
















Figure 7: The UV-Vis reflectance spectra of Mo-Si3N4 solar selective coatings deposited 
onto the stainless steel substrates annealed at 400 and 600 °C in vacuum. Reprinted with 
permission from Ref. [159].   
 
The optical reflectance spectra ((See Figure 8(A)) of TiN, TiAlN and TiAlSiN thin film 
coatings deposited onto M2 steel substrates via magnetron sputtering technique were used 
to calculate the solar absorptance [62]. Figure 8 shows that these films show moderate 
absorptance to ultraviolet region, high absorptance in the visible region and very high 
reflectance in the near-infrared region of the solar radiation. This means that the highest 
value of the solar absorption is seen in the visible range of the solar spectrum and the lowest 
value of solar absorption is recorded in the near-infrared region. Due to this superior value 
of the solar absorptance, these films are considered efficient candidates to be used as solar 
selective absorbing surfaces. The FTIR reflectance spectra of these solar selective films 
shown in Figure 8(B) were used to estimate the thermal emittance values in the infrared 
range of the solar spectra [62]. The thermal emittance values of these films were decreased 
with the Al- and AlSi-doping to the TiN matrix. It is believed that as the Al and Si are 
added to the TiN system, the thermal emittance reduction was governed by the formation 












Figure 8. (A) UV-Vis and (B) FTIR reflectance spectra of the sputtered TixM1-x-yNy films 
(TiN, TiAlN and TiAlSiN respectively stand for Ti0.5N0.5, Ti0.25Al0.25N0.5 and 
Ti0.25Al0.2Si0.05N0.5). Reprinted with permission from Ref. [62].  
In order to harvest solar energy via solar thermal panels, researchers are persistently 
investigating for the developments of new materials to attain higher efficiencies by 
focusing on the constituent elements and structure features of the absorbing materials. 
Generally, a large number of materials have intrinsic absorption which is very low. For this 
reason, development of efficient solar selective materials by choosing appropriate materials 
and proper method is always in being in the hot spot. Typically, two phenomena can be 
successfully adopted to enhance the solar selective absorption: firstly, utilizing the 
interference effect of thin film coatings and optical trap to rise the solar absorptance and 
secondly, using an antireflective coating (ARC) on the top of the film surface to reduce 
thermal emittance and thereby increasing the absorptance [160-163]. In principle, the solar 
absorptance (in the visible range) and thermal emittance (in the infrared range) of a material 
depends on black coated layer, undercoating layer and substrates. The substrate and 
sublayer play very effective role to protect the solar selective absorbing layer against 
oxidation, diffusion, degradation, and corrosion at deleterious environmental conditions 
(mid to high temperature operations). Thus, a thermally stable diffusion barrier layer with 
superior optical properties can hinder diffusion of substrate into the solar selective 
absorbing surface. Generally, solar selective surfaces are coated onto a highly reflective 
metal substrate 164] is due to the fact that on such developed spectrally selective surfaces 
the output temperature from solar collectors can be enhanced. In order to produce highly 
efficient, robust and low-cost solar selective absorbers is adopting a highly reflective 
surface coated together with a highly absorbing spectrally selective surface which would 
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work as absorber–reflector tandem assembly [165, 166]. As a result, lower emittance of the 
coating in the infrared region is due to the highly reflecting substrate and coated sublayer 
[109].  
 
2.7 Other Applications of Metal Nitride-based Thin Film Coatings 
Impressive structural diversity and good combinations of physical, mechanical, chemical, 
and electrical properties of transition metal nitrides make them useful to a wide range of 
applications across many practical fields. Generally nitride materials fall into two main 
classes: transition-metal nitrides and ionic-covalent nitrides [167]. In metal nitride thin film 
coatings, the metal-metal bonds are predominant whereas nitrogen-(non)metal bonds are 
preeminent in ionic covalent nitrides. According to the crystal symmetry and characteristic 
nature of transition-metal nitrides, they are very similar to carbides while the ionic-covalent 
nitrides are close to oxides. The optical properties of metal oxynitride and ionic-covalent 
oxynitride materials, and the influences of synthesis conditions and chemical structures on 
the optical properties of such materials are reviewed by Xie et al. [167]. The optical 
properties of these materials can be modified by controlling the compositions that alters 
the density of free electrons in their d-bands [20, 43]. The optical properties can be also 
regulated by integrating different metal elements into the metal nitride framework through 
converting bonding nature from metallic to covalent one [43]. For example, Ti1-xAlxN 
coatings exhibit metallic characteristics with low Ti-content (x ≤ 0.48) and dielectric 
behavior with high Ti-content up to x = 0.77 [43]. Gradual improvement in the optical 
transmittance was noticed with the subsequent increase in aluminum content to the Ti1-
xAlxN coatings. Furthermore, coatings with x < 0.5 showed a maximum transmission and a 
maximum reflection in the visible region together with a high reflectance and low 
absorptance in the infrared region. The applications of transition metal nitride and carbide 
class materials in low temperature fuel cell technology have been investigated by various 
research groups as mentioned in previous review and researches [168, 169]. Extensive 
overviews on various optical parameters such as band-gap, refractive index, reflectance, 
absorptance, emittance, transmittance and photoluminescence of different oxynitride 
materials and their applications as selective solar surfaces, antireflection coatings, visible-
light-driven photocatalysts, phosphors for light-emitting diodes, ecological pigments, and 
smart windows have been previously documented [17-20, 167]. The requirement of optical 
parameters of transition metal nitride coatings vary from one application to another. In 
order to provide a better understanding, the property-structure (as well as associated 
efficiency for individual application) relationship the chemistry of different metal nitrides 
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and their corresponding crystal structures have been overviewed by many groups [170-
173].  
 
Due to good thermal and chemical stability and hardness, metal nitride thin film coatings 
based  have large number of technological applications as hard and superhard protective 
coatings,  oxidation-, wear-, corrosion-, and erosion resistance coatings [1-3], 
microelectronic devices  [174], ultraviolet and visible light emitters and detectors, and 
optical storage devices, optical devices such as active and passive optical planar 
waveguides, and antireflecting coatings [37-41], electronics devices, and diffusion barriers  
[43, 175]. Because of their large band-gap, high surface acoustic velocity, excellent 
chemical and thermal stability and physical robustness, these materials have secured their 
places in many optical devices as well. They are also popularly used in the semiconductor 
industry for optoelectronic devices at high power and high temperatures [176], in high 
temperature structural materials and gate dielectrics in microstructural devices [177, 178], 
and in spin-dependent photonic devices [11, 13, 179]. Introduction of suitable amount of 
dopants to the binary nitrides or oxynitrides results in band-gap engineering and design of 
emitters and detectors operating in the ultraviolet region. In an experimental investigation, 
metal-like CrN and wide-band gap semiconducting Cr2O3 was combined together by 
reactive dc magnetron sputtered system in Ar/N2/O2(N2O) atmospheres to deposit CrON 
and modify their band-gap and electronic properties for their optical and electronic 
applications [180]. Photothermal conversion of spectrally selective magnetron sputtered 
chromium oxynitride has been reported in a previous article [128]. Microstructural, 
electronic and optical characteristics of various chromium nitride coatings deposited by 
unbalanced reactive magnetron sputtering was performed by Logothetidis et al. [181]. The 
influence of nitrogen flow to the phase formation in Cr, Cr2N, CrN coatings was 
investigated via XRD studies. Using Drude-Lorentz model [182, 183] together with the 
electronic structure of Cr2N, CrN, the experimental results reckoned the metallic character 
of Cr2N phase and the semiconducting nature of CrN structure [184, 185]. Nanocrystalline 
titanium nitride thin films found applications in different areas of semiconductor 
technology such as gate electrodes in field-effect transistors, Al diffusion barriers, and 
ultra-large scale integrated circuits [27-29]. Mutual interactions with the electrons in Ti and 
N atoms and the electronic structure of the stoichiometric titanium nitride affect the optical, 
electronic, and electrical behaviours of these nanocomposite films [182]. The complex 
dielectric function of TiN films was analysed on the basis of intra-band absorption and 
inter-band transitions in terms of the free electron Drude model and the Lorentz oscillator 
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model respectively [182]. Furthermore, the combined Drude–Lorentz model was utilized 
to demonstrate the metallic nature of titanium nitride coatings and the origin of band 
structure modifications. In addition, the XRD and electron microscopy validated the 
spectroscopic ellipsometry results along with the insights on the atomistic mechanisms 
affecting the grains morphology and their correlation with the electronic and optical 
properties.   
 
2.8 Summary and Conclusions 
We have reviewed the recent development of metal nitride and metal oxynitride thin film 
coatings, which are very prominent technological materials due to their outstanding 
physical properties and protective character, and for their optical and solar selectivity 
applications. Metal nitride based coatings e.g., CrN, TiN, TiAlN, CrSiN, CrAlN, and NbN, 
have extensive industrial applications in cutting tools, in dry cutting, bearing spindles, 
metal forming, stamping dies, other mechanical machineries as well as automotive and 
aerospace applications because of their good wear resistance, thermal and corrosion 
resistance, good adhesion, high-temperature oxidation resistance, and a high level of 
hardness. These materials are also broadly used as optical, protective, and decorative 
coatings. Due to the combination of a large number of unique properties such as 
extraordinary thermal stability and superior optical properties, metal nitride based thin film 
coatings are considered to be one of the smartest aspirants in solar selective surface 
applications. Despite their technological importance, so far, there have been a very limited 
number of investigations on the solar selectivity features in the presence of various dopants. 
Optical responses of metal nitride based thin film coatings greatly vary from one 
application to another. As is mentioned previously, for the solar selective surface 
applications, these coatings must possess high solar absorptance to the visible light and low 
thermal emittance in the infrared region of the solar spectra. Until now, numerous binary, 
ternary and quaternary coatings e.g., CrN, AlN, MoN, CrAlN, TiAlN, TiSiN, CrSiN, 
CrCN, CrMoN, CrON, CrWN, TiAlSiN, TiAlCrN, CrAlSiN, and CrMoSiN, have been 
extensively investigated. Among them TiAlN, TiAlSiN, CrON, ZrC-ZrN, NbAlN coatings 
have drawn more attention for their superior solar selectivity values (see Table 1) and 
thermal stability. Nevertheless, thorough research is still needed to further increase their 
mechanical properties, thermal and chemical stability and the oxidation resistance 
behaviours of these materials before their place in the commercial market for industrial 
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Paper II: Structural, Morphological and Optical Characterizations of 
Mo, CrN and Mo:CrN Sputtered Coatings for Potential Solar Selective 
Applications 
Abstract 
Mo, CrN, and Mo:CrN sputtered coatings synthesized onto silicon Si(100) substrates were 
investigated as solar selective surfaces and their potential applications in optical devices. 
These coatings were characterized using XRD, SEM, UV-Vis, and FTIR techniques. XRD 
investigation, showed a change in CrN thin film crystallite characteristic due to Mo doping. 
Compared to the CrN coatings, the Mo:CrN films has a higher lattice parameter and larger 
grain size than that of CrN phase owing to the formation of MoN phases. Larger grains sizes 
of Mo:CrN structures were also confirmed via FESEM imaging. Optical analysis showed 
that in the visible range of the solar spectrum, the CrN coatings exhibit the highest solar 
absorptance of 66% while the lowest thermal emittance value of 5.67 was recorded for the 
CrN coating doped with Mo. Consequently, the highest solar selectivity of 9.6, and the 
energy band-gap of 2.88 eV were achieved with the Mo-doped CrN coatings. Various 
optical coefficients such as optical absorption coefficient, refractive index, extinction 
coefficient, real and imaginary parts of dielectric constants, and energy loss functions of 
these coatings were also estimated from the optical reflectance data recorded in the 
wavelength range of 190 – 2300 nm.   
 
3.1  Introduction 
Metal nitride-based compounds have been widely used as ceramic coatings since the 1980’s 
due to their superior hardness, excellent wear resistance, low friction coefficient, superior 
thermal stability, and corrosion resistance behaviors under detrimental environmental 
conditions [1-4]. Compared with other types of similar binary and ternary coatings, TiN or 
Ti–C–N, CrN ceramic coatings exhibit superior thermal stability [5]. In tribological 
applications, CrN coatings also demonstrate better performance than TiN coatings under 
dry and lubricated conditions. As such, CrN coatings are typically used as protective 
coatings for several tribological forming and casting applications, such as drawing dies, and 
moulds. Perovskite CrMeN coatings, where Me = Ti, Si, Al, Ta, Nb, Ni, B, and Mo have 
been explored to improve physical, mechanical and other characteristics of CrN matrix. The 
ternary CrMeN coatings usually form cation solid solution (Ti, Al, Ta, Nb, Ni, and Mo) or 
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anion solid solution (in cases of B or C). These solid solution-based coatings have received 
less attention than conventional coatings and as such, investigation of ternary Cr–Mo–N 
coatings would be timely [5].  
 
Transition metal nitride-based coatings such as TiN, CrN, MoN, and ZrN have been 
previously characterized using XRD, and electron microscopy and hardness measurements 
via indentation method. The formation of cubic crystal lattice structures under non-
equilibrium conditions was detected via XRD studies while greater hardness and superior 
resistance tolerance behaviours were acquired by those coatings [6]. Surface 
microstructures of Mo-based coatings studied via AFM technique indicated the grain size 
reduction with subsequent increase in acetylene flow rate [7]. Nanostructured Mo-based 
coatings deposited onto steel and hard metal substrates by magnetron sputtering technique 
exhibited a hardness of ~20 GPa together with very fine grains (~2 nm). Annealing in the 
range from 500 to 1000 °C significantly improved the hardness and elastic modulus of these 
coatings along with a higher resistance to plastic deformation ratio [8]. Higher ductility of 
these coatings was also recorded for the samples annealed up to 600 °C. Experimental and 
simulation based double cermet solar selective coatings has been reported in elsewhere [9]. 
The Mo-black solar selective coatings prepared by chemical methods from an aqueous 
solution of ammonium paramolybdate and nickel sulphate were studied for their optical 
band-gap and refractive index [10]. A high value of solar absorptance and lower value of 
thermal emittance were reported together with the suitable optical band-gap and refractive 
index values. Computer simulation was carried out to analyze the optical constants such as 
refractive index, dielectric constants and extinction coefficient of Mo/Al2O3 solar selective 
coatings by means of Maxwell-Garnett effective medium theory in the wavelength range of 
200-2500 nm [11]. An optimal coatings thickness of 200 nm for the absorption layer was 
proposed in the visible region of the solar spectra where the absorption was recorded to be 
invariant with the coating’s thickness.  
 
Surface-textured magnetron sputtered single-layer Mo coatings synthesised through the 
adjustment of deposition parameters onto the silicon Si(100) and stainless steel substrates 
characterized via XRD, SEM, AFM and optical studies exhibited a high solar absorptance 
and low emittance. It was reported that the controlled surface roughness and larger aspect 
ratio improves the solar absorption and reduces the thermal emittance values of this coating 
[12]. Tauc-Lorentz and Drude free-electron theories were used to model the optical 
constants and the dielectric nature of the coatings was reported.  The annealing temperature 
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effect on the microstructure and spectral selectivity of single layer Mo solar selective 
coatings was carried out by Xinkang and co-workers [13] in order to establish the 
mechanism for the degradation of optical properties. After annealing, notable changes in 
microstructure and compositions were observed. However, the optical properties of the 
coatings and their thermal stability significantly improved.  
 
Mo/Mo–SiO2/SiO2 spectral selective absorbers deposited onto quartz substrate via co-
sputtering method for high temperature applications showed high absorptance in the visible 
range and low thermal emittance in the infra-red range of the solar spectra [14]. After 
annealing at 800 °C, the thermal emittance of such absorber coatings was significantly 
reduced from 9.7% to 7.5%. However, the normal reflectance of the absorbers remained 
almost unchanged in the UV–Vis range of the solar spectrum and increased slightly in the 
IR region after being annealed at 800 °C in vacuum. Novel Mo/ZrSiN/ZrSiON/SiO2 solar 
selective absorbers prepared through magnetron sputtering on the stainless steel substrates 
were investigated for their temperature dependent solar selective performance. Systematic 
reduction of the thicknesses of the ZrSiN, ZrSiON and SiO2 layers, significantly reduced 
the thermal emittance at 500 °C while the solar absorptance was unaffected. On the other, 
the high thermal stability up to 500 °C in vacuum, indicated that these absorber coatings 
could be a viable candidate for high temperature concentrated solar power applications [15].  
 
Experimental studies and computer simulation-based analysis of transition metal nitride 
based-coatings have been conducted to investigate their structural, microstructural, 
morphological, mechanical and general optical studies [11, 12, 16-20]. Recently, many 
researches have been reported on the effect of Mo-doping on CrN film coating in order to 
investigate their local electronic bonding states, mechanical, and tribological properties [5, 
21-23]. Detailed optical analysis in conjunction with the structural and morphological 
features of these kinds of coatings are extensively discussed in earlier reports [24-29], 
though we find that a holistic approach integrating other pertinent analyses such as FESEM 
imaging, XRD analysis and band-gap calculations in tandem with single oscillator model 
optical dispersion analysis, dielectric characterizations, and energy loss mechanisms 
analysis are relatively lacking. This motivates to, therefore, incorporate these value-added 
analyses into the present study so that a clearer all-inclusive understanding of the 
crystallographic structures, morphological features and optical parameters could be 




3.2  Materials and Methods 
3.2.1  Film Preparation Technique 
The UDP650 closed field unbalanced magnetron sputtering ion plating system (Teer 
Coatings Ltd, UK) was employed to prepare Mo, CrN, and Mo:CrN thin film coatings.  The 
silicon Si(100), with 50 mm diameter and 3.0 or 1.5 mm thick, were used as substrates. A 
rotating sample holder which could provide a uniform exposure for growing the film was 
surrounded by four vertically mounted pure metallic targets (Cr, Mo). Two chromium 
targets and one molybdenum target (Cr, Mo, purity 99.9 %, size 345 mm × 145 mm × 8 
mm) were used. The background pressure and working pressure during sputtering were 4 × 
10-4 Pa and 15 × 10-2 Pa, respectively. Mixed Ar (99.999 %; flow rate at 50 sccm, used as 
working gas for sputtering) and N2 (99.999 %) was used as reactive gas to form nitrides. 
The optical emission monitor (OEM) was used to control the N2 reactive gas injected near 
the substrate holder. The entire synthesis process was carried out without any external 
heating to maintain the target to a substrate distance of 17cm. Advanced Energy Pinnacle 
plus 5 kW, at a frequency of 250 kHz voltage mode was used to control the bias voltage 
while 6 kW DC current mode was used to control the target current supply. To coat the 
Mo:CrN films, 0.2 micron chromium adhesive layers was applied to promote the coating 
adhesion with a bias voltage of -80 V [30, 31]. 
 
3.2.2  Characterization of the Thin Film Coatings 
3.2.2.1 XRD analysis 
The XRD measurements of the coatings were carried out using a Bruker AXS D8 Advance 
(Germany) with Cu-Kα radiation (λ = 1.54 Ǻ). The XRD machine was operated at 40 kV 
and 40 mA coupled with a Lynx-eyed detector. The scan parameters used were: 2θ scan 
range 30-90, step size (degree): 0.01, time/step: 0.15 s and total scan time/sample was 
~15 minutes. Phase identification of the films was confirmed by matching the diffraction 
peaks with those of JCPDS database. The lattice parameters of the defined structures were 
estimated from the XRD peaks using standard Cohen–Wagner’s plot for cubic crystal 
structure and Cohen procedure for hexagonal crystal structure [32].  
 
3.2.2.2 FESEM analysis 
The morphological analysis of the sputtered coatings was performed by a field-emission 
scanning electron microscope (FESEM) using Zeiss Neon 40EsB FIBSEM, an Oxford 
Instruments Inca X-act SDD X-ray detector. A secondary electron (SEI) detector was used 
to characterize the overall surface morphology of thin film structures. The SEM machine 
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was operated at 25 kV. The coatings were glued with double sided carbon tape affixed to 
the sample holders.  
 
3.2.2.3 UV-Vis studies 
The UV–Vis reflectance spectroscopy of the coatings was conducted to explore various 
optical parameters. A UV–Vis double beam spectrophotometer with 60 mm integrating 
sphere (Model: UV-670 UV-Vis spectrophotometer, JASCO, USA) was used to obtain UV-
Vis reflectance spectra in the wavelength range from 190 to 2300 nm. For a given 
wavelength range, the solar absorptance (α) is defined as the weighted fraction between 
absorbed radiation and incoming solar radiation (Isol) (popularly known as the Beckman-
Duffie method) [33-35]: 
𝛼 = 
∫  𝐼𝑠𝑜𝑙 (𝜆 )(1−𝑅(𝜆 )𝑑𝜆
2.5
0.19
∫  𝐼𝑠𝑜𝑙 (𝜆 )𝑑𝜆
2.5
0.19
     (1)       
The UV-Vis reflectance spectroscopic data was also used to calculate and determine the 
other optical constants, such as solar absorptance, band-gap, refractive index, dielectric 
constants and energy loss functions of Mo, CrN and Mo:CrN sputtered coatings.  
 
3.2.2.4 FTIR studies  
Infrared analysis of the coatings was conducted using FTIR spectrometer (Perkin Elmer 
Spectrum 100 FTIR Spectrometer, USA). The wavelength from 2.5 to 14.5 μm was used to 
estimate their thermal emittance in the infrared ranges of the solar spectrum. The FTIR 
reflectance data collected in the range of 650–4000 cm–1 was converted to the corresponding 
wavelengths. A bare glass substrate was used for baseline correction of the system before 
recording the FTIR spectra of the coatings [36]. The thermal emittance (ε) is defined as the 
weighted fraction between emitted radiation and the Planck black-body distribution (Ip) and 
can be calculated using Eq. (2) [33, 37]: 
                                            = 
∫  𝐼𝑝 (𝜆 )(1−𝑅(𝜆 )𝑑𝜆
15.36
2.5
∫  𝐼𝑝 (𝜆 )𝑑𝜆
15.36
2.5
                                           (2)  
3.2.2.5 Solar selectivity 
The solar selectivity, s is the key parameter of a selective surface which is defined as a ratio 
of solar absorptance, α to the thermal emittance, ε and can be expressed by the following 
Eq. (3) [38]: 
                                       𝑠 =
𝜶 
𝜺 
                                                                      (3)               
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where α is the solar absorptance of the coatings estimated in a wavelength range of 190 nm 
and 2300 nm while ε is the thermal emittance in the wavelength range between 2.5 μm and 
14.5 μm. The air mass (AM) of solar spectrum, Isol is 1.5 according to the ISO standard 
9845-1 (1992). 
 
3.3  Results and Discussion 
3.3.1  XRD analysis of Mo, CrN and CrMoN films  
The XRD patterns of the Mo, CrN and Mo:CrN coatings sputtered on  silicon Si (100) 
substrates are presented in Figure 1. From Figure 1, broadened peaks were observed at 
(111), (002), (022) and (311) reflection planes. CrN, and γ-Mo2N phases were seen at (111), 
and (200) crystal planes while (110) reflection plane confirms the presence of Mo phase. 
The broadened peaks for Mo phases observed at (110) and (220) crystal planes are centred 
at approximately 2θ = 40.5°and 2θ = 87.6° and the strongest peak of Mo phase was observed 
at (110) crystal plane. The characteristic Mo thin film peaks were believed to be broadened 
as a result of the nano-sized agglomerations around the film surfaces [31, 39]. In the case 
of Mo2N and CrN in the first two bottom graphs (see Figure 1), a strong peak centred at 2θ 
= 37.525° corresponds to the (111) crystal planes in both graphs. The peaks centred at 2θ = 
43.6° were for CrN and γ-Mo2N phases at (002) and (200) reflection planes, respectively, 
are less intense from the previously discussed peaks. Other two peaks assigned as (022) and 
(311) reflection planes are due to the presence of CrN phase. However, there is no clear 
indication of the occurrence of CrMoN phase that might be attributed to the very small 
crystallite size or amorphous state of the solid solution of CrMoN matrix [31]. The 
broadening and shifting nature of the diffraction peaks is believed to be associated with the 
development of internal stress and change of inter-planar spacing, which arise from the 
formation of a substitutional solid solution structure [40, 41]. In the case of Mo:CrN 
structure, its peaks are shifted towards the lower Bragg angle sides is due to the result of the 
substitution of Cr atoms by Mo atoms. It is believed that the Mo atom are dissolved into 
CrN matrix and larger Mo atoms (201 Ǻ) replaces the Cr atoms (185 Ǻ) [5]. Consequently, 
























Figure 1. XRD spectra of the as-deposited Mo, CrN, and Mo:CrN sputtered coatings 
synthesized on silicon substrates. 
 
A similar effect was also observed by other studies [42-45]. This is in accordance with 
Bragg's equation 2dsinθ = nλ (where λ and n are constants while 2θ is inversely proportional 
with lattice distance d), the peaks end up with a certain peak shift [2]. In addition, the 
substrate negative bias voltage also can alter the preferred orientation of the growth plane 
of the coatings during the sputtering progression [46]. In sputtered coatings, the residual 
stress primarily arises from the working environment and elementary potentials of two 
sources: thermal and intrinsic stresses. Thermal discrepancy results in thermal stresses 
between the coating and substrate during final cooling from deposition to room temperature. 
The thermal effect becomes more exaggerated when multilayer films are coated via 
sputtering [47]. 
 
XRD data were used to estimate the average crystallite size of CrN, Mo, and Mo:CrN phases 
via Debye–Scherrer equation, 
 
                                                    𝐷 =  
0.9 𝜆
𝛽 cos 𝜃




where 𝜆 is the X-ray wavelength, 𝛽 is the full width at half maximum (FWHM) and 𝜃 is the 
diffraction angle. Estimated crystallite sizes are listed in Table 1. Table 1 shows that 
compared to the CrN matrix, the Mo:CrN films have higher lattice parameter and higher 
grain sizes. This is due to the formation of  MoN  phases  via Mo interaction with N around 
the grain boundaries of CrN phase [31]. It is also assumed that the enlargement of both the 
lattice parameter and grain size of Mo-doped CrN coatings is due to the fact that the Mo 
atoms may not only replace the Cr on their sites, but they coalescence and agglomerate 
around the grain boundaries of the coating matrix. This supports the idea of the presence of 
the Mo phase in the coating structure. 
 
Table 1.  Lattice parameters and grain size of Mo, CrN and Mo:CrN sputtered coatings.  
 
Coatings name Lattice parameter, a (Ǻ) Grain size (±10%), D (nm) 
Mo 3.17 106.18 
CrN 4.14 112.73 
Mo:CrN 4.19 161.45 
 
The development of intrinsic stresses and its magnitude depends on the deposition 
conditions, sputtering gases working pressures, substrate to target distance, reference 
potential on substrate, coating’s thickness and stoichiometry [48, 49]. Mohammadpour et 
al. and Yousaf et al. have investigated the effect of metallic Al-doped TiN coatings on their 
physical and mechanical characteristics [50, 51]. CrN (111) phase observed at 2θ = 37.53° 
has a lattice parameter of 4.14 Å is in good agreement with other literatures [41, 43, 52]. 
The lattice parameters of CrN and Mo:CrN phases were also found to be in good agreement 
with other reports [41, 43].  
 
3.3.2  Morphological features of Mo, CrN and CrMoN films via FESEM studies 
In order to investigate the surface morphology of Mo, CrN, and Mo:CrN coatings sputtered 
on silicon substrates, the samples were analysed using FESEM technique and results are 
shown in Figure 2. Figure 2(a) shows that the surface morphology of Mo/Si coating is 
markedly different from those of CrN and Mo:CrN. The Mo/Si coating displays uniform, 
fine, smooth, dense and compact surface structure the grain sizes seemed to be relatively 
smaller than the other two coatings. CrN/Si and Mo:CrN/Si coatings exhibit uniform 
structured films with larger grains and “loose”  structures which are caused by a non-
reactive nucleation. The CrN FESEM morphology indicates irregular, rougher grain with 
sharp edges. The Mo-dopant to the CrN system exhibited refined edged and slightly 
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increased grain sizes. This means that due to the Mo-doping, both the surface morphology 
and grain shapes are reformed with regular mould-like structures seen around the surface of 
the coatings. At the same time, surface roughness seems to dissipate in the Mo:CrN coatings. 
This may suggest that the Mo atoms are diffused around the CrN matrix during the 
sputtering processes and thereby stimulated grain growth is eventually acting as the 
nucleation site for lattice distortions. This is in good agreement with the XRD results that 
the substitution of Cr atoms by Mo atoms help to coalescence and agglomeration of the Mo 
particles to form larger grains. These features were supported in a previous study by Hones 
et al. [23]. They showed that CrN structures consist of a combination of larger elongated 
rhombohedral and small cubic crystallites while the Mo-doped CrN structure has grains 
with an average size of 100 nm. At a closer look, a substructure of these grains appears with 




















Figure 2. FESEM images of: (a) Mo, (b) CrN, and (c) Mo:CrN sputtered coatings. 
 
The dense and closely packed structures of Mo:CrN morphology would exhibit more 
stability as a selective surface at high temperatures. On the other side, such coatings are 
more mechanically reliable than the CrN coatings without doping [31]. The surface 
roughness would produce a gradient in the optical constants rather than a sharp discontinuity 
at the interface. Kang and Kim [53] indicated that the gradient in the optical constants 
strengthen the optical behaviour of such kind of coatings.  
 
EDS analysis gives the elemental chemical compositions, and the atomic concentrations 
Mo, CrN and Mo:CrN coatings. The EDS data collected at different surface areas of these 
coatings are tabulated in Table 2.  
 
Table 2. EDS analysis of the as-deposited CrxMo1-x-yNy magnetron sputtered films.  
Coatings name Mo (at.%) Cr (at.%) N (at.%) 
Mo 100 - - 
CrN - 92.42 7.58 





3.3.3  Optical Characterizations of Mo, CrN and CrMoN Films 
3.3.3.1 UV-Vis Investigations 
The solar absorptance of Mo, CrN and Mo:CrN coatings, measured from the UV-Vis 
reflectance data, as a function of wavelength within the range of 190-2300 nm, shown in 
Figure 3, is displayed in Table 3. Beckman-Duffie method described in equation (1) was 
used to calculate the solar absorptance values of these coatings [38, 54]. From Figure 3, it 
can be concluded that among the three coatings, in the visible range of solar spectrum, the 
CrN coating shows the lowest reflection of the solar radiation while Mo coating (being the 
sample with the highest Mo concentration) exhibits the highest reflection due to its metallic 
nature. On the other hand, Mo-doped CrN coating shows a reflectivity above CrN coating 
because Mo atoms agglomerate in the CrN structure and acting as scattering centres and 
traps for the incident light [55]. It is believed that Mo-doping in CrN matrix affects its band 
structure which clearly influences the solar selective characteristic of Mo:CrN system as 
seen in Figure 3. This behavior confirms that the solar absorptance of CrN coating has been 











Figure 3. UV-Vis reflectance spectra of Mo, CrN, and Mo:CrN sputtered coatings 
deposited onto silicon substrates as a function of wavelength. 
3.3.3.2 FTIR results 
Optical reflectance data measured via FTIR spectroscopy in the wavelength range from 2.5 
to 14.5 µm shown in the following Figure 4, was utilized to estimate the thermal emittance 
values of Mo, CrN, Mo:CrN coatings using the Beckmann-Duffie method described in Eq. 
(2) [38, 54]. The estimated thermal emittance values of Mo, CrN, and Mo:CrN coatings are 
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presented in Table 3. The Mo-doped CrN coating has the lowest thermal emittance than that 
of CrN coating (in the infrared range) suggesting that the addition of Mo and subsequent 
























3.3.3.3 Solar selectivity results 
The solar selectivity of Mo, CrN, and Mo:CrN coatings are presented in Table 3. From Table 3, it is 
seen that, among the three studied coatings, Mo:CrN system shows the highest selectivity. Since 
the band structures of Mo:CrN matrix is modified with Mo-dopant, it clearly influences the 
solar selective as seen from Table 3. The solar selectivity of Mo:CrN has improved from 
8.5 to 9.6 due to the improvement of coating’s thermal emissivity from 7.1 to 5.6. This 
indicates a good potential for these materials to be used in solar selective absorber 




Table 3. Solar absorptance, thermal emittance and solar selectivity values of Mo, CrN and 
Mo:CrN sputtered films. 
Coatings name Solar absorptance, α (%) Thermal emittance, ε (%) Solar selectivity, s = α/ε 
Mo 44.7 31.5 1.4 
CrN 62 7.1 8.5 
Mo:CrN 53.5 5.6 9.6 
Figure 4. FTIR reflectance spectra of Mo, CrN, and Mo:CrN sputtered coatings 





3.3.3.4    Optical band-gap analysis  
The optical characteristics of absorber materials strongly depend on the wavelength of the 
incident solar radiation. When solar radiation is brought onto a certain material, a portion 
of the incoming light is absorbed as a result of excitements of molecular and atomic motions 
to a specific energy level. The photon energy of visible spectrum is sufficiently high for the 
absorption such atoms. A linear relationship between the solar absorption coefficient and 
photon energy facilitates investigation of the band structure and the type of transitions 
involved in absorption process, and reflected in the following equation [56]:  
                                 𝛽 = 2.3026 
𝐴
𝑑
                     (5) 
where β, A, and d are the absorption coefficient, optical absorbance expressed as percentage 
in terms of UV-Vis reflectance data (calculated as A = 100% - R%), and the coating’s 
thickness, respectively.  
 
The absorption coefficient of as-deposited Mo, CrN, and Mo:CrN sputtered coatings as a 
function of incident photon energy is shown in Figure 5. Figure 5 clearly shows that CrN 
coatings possess the highest absorption coefficient while the absorption coefficient of 
Mo:CrN is intermediate between Mo and CrN coatings. The solar absorption of materials at 
a specific wavelength, is related with the excitation of electrons in atoms and molecules to 



















Figure 5. Absorption coefficient of Mo, CrN, and Mo:CrN sputtered coatings deposited 
onto silicon substrates as a function of photon energy. 
 
Tauc relation is useful in studying the band structure and the type of electronic transitions 
involved during the absorption of solar radiation in crystalline and amorphous materials [56-
58]:  
                                 𝛽ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)
𝑧                                                             (6) 
where, 𝛽 is the absorption coefficient, ℎ𝜈 is the photon energy, ℎ is Planck's constant, 𝜈 is 
the frequency of the incident light, A is a constant, Eg is the band-gap energy and z is an 






















Using the Tauc plots of (βhν)2 vs hν, for Mo, CrN and Mo:CrN coatings (see Figure 6), the 
energy band-gaps estimated from the intercepts of the linear portion of the curves and 
extrapolating them to zero along the energy axis are presented in Table 4. Energy band-gap 
data show that Mo coating has the highest value of 3.78 eV and the CrN coating has the 
lowest value for the band-gap energy. We conclude that the higher band-gap of Mo/Si 
coating is related to the surface oxidation of the coating (a very thin MoO3 layer) during the 
synthesis process. The optical band gap of CrN coating was improved from 2.67 eV to 2.88 
eV when doped by Mo-metal. As discussed previously, Mo-doping on CrN coating leads to 
enhance the agglomeration along the preferred orientation, enlarges the grain size and 
thereby reduces the density of grain boundaries. All these factors eventually lead to release 
the trapped free electrons in the grain boundaries, when an incident photon with specific 
energy interacts with the coating; some portion of the incident energy is absorbed by the 
electrons resulting to excite them to a higher energy level if the absorbed energy is ≥ Eg. 
The enhancement of optical band gap can also be explained through the (ΔEg
BM) Burstein-
Moss relation [59]: 
Figure 6. Plots of  (𝛽ℎ𝜈)2 vs hν of Mo, CrN, and Mo:CrN sputtered coatings deposited 
onto silicon substrates as a function of wavelength.  
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3      (7) 
  
where 𝑚𝑣𝑐  
∗ is the electron effective mass estimated from mv (effective electron mass in 
valance band) and mc (effective electron mass in conduction band), n is the carrier 
concentration. 
 
Table 4. Energy band-gap values of Mo, CrN and Mo:CrN sputtered films. 
 





3.3.3.5 Refractive index and extinction coefficient analysis 
The refractive index, n and extinction coefficient, k of Mo, CrN and Mo:CrN coatings 
calculated using the UV-Vis reflectance data in the wavelength range of 190 to 2300 nm are 
shown in Figures 7 and 8, respectively.  The complex refractive index of materials is defined 
by, 
                                             𝑛∗ =  𝑛 + 𝑖𝑘                                                           (8) 
The extinction coefficient, k could be directly calculated using the absorption coefficient, β 
via following relation, 
                                                 𝑘 =  
𝛽𝜆
4𝜋
                                                                  (9) 
In terms of the reflectance data, R and extinction coefficient, k real part of the complex 
refractive index is defined using the following equation,   






− 𝑘2                                              (10) 
 
Figures 7 and 8 show that CrN coatings have the highest values for the refractive index and 
extinction coefficient within the observed wavelength range. The significant dispersion 
behaviors of CrN coating, which affects the n and k values, are arisen from the resonance 
effect between the incoming solar radiation and electronic polarizability. Our findings were 
consistent with earlier reported results [60]. These optical results indicate that CrN coating 


















Figure 7. Refractive index of Mo, CrN, and Mo:CrN sputtered coatings deposited onto 
silicon  
 
Figure 8. Extinction coefficient of Mo, CrN, and Mo:CrN sputtered coatings deposited 
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3.3.6 Dielectric characterizations 
Figures 9 and 10 show the real and imaginary parts of dielectric constants, of Mo, CrN and 
Mo:CrN coatings, as a function of wavelength of the incident solar radiation. The frequency 
dependence of electron excitation spectra of a solid material can be defined in terms of 
complex dielectric function, 
(𝜔) =  1(𝜔) + 𝑖 2(𝜔) =  (𝑛(𝜔) + 𝑖𝑘(𝜔)) 
2   (11) 
where 1 and 2 are the real and imaginary parts of the complex dielectric constant, 
respectively and are given by the following relations [61], 
1 = 𝑛
2 − 𝑘2 and 2 = 2𝑛𝑘     (12) 
where ε1 represents the amount of polarization energy stored in dielectric medium and ε2 
characterizes the energy loss of those media. The power loss in terms of heat as a loss factor, 
generally, produced from inelastic scattering process during the charge transfer and charge 
conduction mechanisms of a dielectric medium. In specified light frequency range of 
interest, thin film coatings having a low energy-loss nature, when they have a greater ε1 to 
ε2 ratio, this is due to the increase in the electron density of the films. The improvement in 
crystallinity of the film can decrease the degree of electron scattering and increase the free-















Figure 9. Real part of dielectric constant of Mo, CrN, and Mo:CrN sputtered coatings 



















Figure 10. Imaginary part of dielectric constant of Mo, CrN, and Mo:CrN sputtered 
coatings deposited onto silicon substrates as a function of wavelength. 
 
3.3.3.7 Energy loss analysis 
The ratio of the real to imaginary part of the dielectric constants defines the power loss (loss 
tangent) of a material, 
𝑡𝑎𝑛𝛿 =  
𝜀2
𝜀1
       (13) 
The loss tangent demonstrates the optical power loss in mechanical and oscillatory 
dissipative systems. Figure 11 shows the variation of 𝑡𝑎𝑛𝛿 of Mo, CrN and Mo:CrN 
coatings as a function of photon energy. As seen from Figure 11, it can be noted that the 
variation of loss tangent of these coatings resembles the same behavior of the imaginary 
part of the dielectric constant. It also indicates that the tangent values of these coatings are 
significantly low. This applauds some valuable optical qualities of these films due to lower 
energy losses and lower scattering of the incident solar radiation. Figure 11 also confirms 
the fact that energy loss has improved for the Mo-doped CrN composite. 
 
The other energy loss functions associated with the inelastic scattering of electrons in solid 
thin film coatings are known as volume energy loss function, Vel and surface energy loss 
function, Sel [64]. 
𝑉𝑒𝑙 = 𝐼𝑚 (−
1
𝜀(𝜔)





































𝑆𝑒𝑙 = 𝐼𝑚 (−
1
𝜀(𝜔) + 1 
) =  
𝜀2
(1+𝜀1)2 + 𝜀2
2     (15) 
The 𝑉𝑒𝑙 and 𝑆𝑒𝑙 values were obtained from the real and imaginary parts of the dielectric 
constant of the Mo, CrN and Mo:CrN coatings using equations (11) and (12).  The volume 
and surface energy loss functions of   investigated coatings, as a function of hν, are shown 
in Figures 12 and 13. As observed in these Figures, the 𝑉𝑒𝑙 and 𝑆𝑒𝑙 decrease rapidly with the 
increase in incident photon energy and no significant changes either in volume energy or 
surface energy losses are detected above 3.65 eV of the incident photon energies. It was also 
seen that as the incident photon energy reaches to above 1.65 eV, for CrN coatings, both Vel 
and Sel values were slightly dropped. This confirms CrN coatings are optically better than 
the other two coatings. Further investigation also reveal that surface energy loss of the 
coatings is considerably lower compared to the value of the volume energy loss functions 
(Vel > Sel) for any incident photon energies. This indicates that the loss of energy of a free 
charge carrier when passing through the bulk of the film is much larger than that when 
traveling through to the exterior surface of such coatings. These findings are in good 
agreement with those obtained in dielectric studies of other coatings [65, 66]. It is also 
assumed that while passing through a medium, as a result of the excitation energy of the 
plasma oscillations of conduction electrons, some energies are lost by the wild moving 











Figure 11. Loss tangent, tanδ of Mo, CrN, and Mo:CrN sputtered coatings deposited onto 






























Figure 12. Volume energy loss of Mo, CrN, and Mo:CrN sputtered coatings deposited 
onto silicon substrates as a function of photon energy. 
 
Figure 13. Surface energy loss of Mo, CrN, and Mo:CrN sputtered coatings deposited onto silicon 
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Mo, CrN and Mo-doped chromium nitride coatings fabricated using magnetron sputtering 
system were studied by means of structural, surface morphological and optical/dielectric 
studies in order to establish their phase forming behavior, microstructural changes and 
electromagnetic response upon exposure to the sunlight. XRD studies confirmed that the 
addition of Mo into the CrN matrix led to the formation of solid solution phases including 
Mo2N, CrMoNx, and Cr2N. Improvement in the film crystallinity was observed upon the 
Mo-doping. FESEM images showed the homogeneity of the coating’s surface. The CrN 
films demonstrated the highest value of solar absorptance 62% while a significant reduction 
in the thermal emittance from 31.5% (for CrN phase) to 5.6% (for Mo:CrN phase) was 
observed. Consequently, the Mo:CrN films exhibited the highest solar selectivity value of 
9.6. Because of higher solar absorptance value, the CrN films showed superior values for 
other optical parameters such as refractive index, extinction coefficient, and dielectric 
functions. Findings from this study would provide opportunity for future development of 
metal nitride-based Mo, CrN, and Mo:CrN thin film coatings for various industrial 
applications, especially in the area of solar selective absorbers. 
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Paper III: Annealing Impacts on Microstructural, Optical and 
Mechanical Studies of Sputtered CrN Thin Film Coatings: Experimental 
Studies and FEM Modeling   
Abstract 
Chromium nitride (CrN) coatings were deposited by magnetron sputtering onto Si(100) 
substrates. The coatings were then annealed at different temperatures (500-800 C in steps 
of 100 C) in air for 1 hour. X-ray diffraction (XRD), field emission scanning electron 
microscopy (FESEM), X-ray photoelectron spectroscopy (XPS), UV-Vis spectroscopy, 
nanoindentation tests and finite element modeling (FEM) were conducted in order to 
investigate their structural, morphological, optical and mechanical properties. XRD patterns 
show that the crystallinity of the CrN phase increases with the rise in annealing temperatures 
together with its preferred orientations along (111) and (200) diffraction planes. The lattice 
constants were slightly reduced from 4.19 to 4.11 nm at 800 C. The lattice microstrains 
and residual stresses were also reduced as the annealing temperatures rose as a result of 
reduced defects, dislocations and vacancies. Smooth grain-like surfaces with  grain sizes 
ranging between ~50 - 250 nm were confirmed by FESEM micrographs. XPS studies 
indicated the existence of Cr and N on the coating systems. The solar absorptance of CrN 
coatings is increased from 61% to 89% until an annealing temperature of 800 C, and 
slightly decreased at 800 C. However, the optical band-gap was gradually dropped from 
2.62 to 1.38 eV as the annealing progresses and then slightly increased to 1.48 eV at 800 C 
due to the formation of Cr2O3 at the films’ surface. A gradual increase of dielectric constants 
of CrN films were realized with the subsequent annealing progression. Nanoindentation 
results indicated that as the annealing progresses, the hardness and elastic modulus values 
are lowered.   
 
4.1 Introduction 
Physical vapour deposited (PVD) binary CrN coatings are considered to be very useful 
candidates in many industrial applications because of their thermal stability, good coating-
to-substrate adhesion, abrasion resistance, excellent wear resistance, low friction 
coefficient, oxidation resistance, and ideal hardness and elastic modulus values [1-4]. CrN 
coatings also show higher oxidation resistance and exceptional corrosion resistance under 
deleterious environmental exposures such as high temperatures and high pressure [5]. In 
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comparison to other transition metal nitride coatings (e.g., TiN, and TiCN), CrN coatings 
offer superior thermal stability, corrosion resistance and better tribological performance. 
Consequently, CrN coatings have been widely used as protective coatings in drawing dies, 
cutting tools, moulds, grinding tools, piston rings, and various moving parts in mechanical 
equipment [6-9]. The effect of heat treatment on the mechanical properties and 
microstructural features of CrN/AlN thin film based coatings have been studied by Tien et 
al. [10]. CrN thin film coatings have been studied for many years because of their excellent 
mechanical performance, thermal properties and anti-oxidation behaviour [11].  
 
The chemical composition, chemical bonding states, roughening kinetics, and mechanical 
properties of Al-doped TiN coatings which had been prepared by magnetron sputtering in 
an (Ar+N2) gas mixture were studied via XPS, AFM and nanoindentation measurements 
[12]. Increased Al-dopants from 10 to 50 at.% reduces the grain size and surface roughness 
due to the nucleation process, but the mechanical properties of the TiN structure were 
improved due to a reduced grain size, which indicates a high density of grain boundaries 
[12]. A linear relationship between residual stress and hardness of single-phase thin film 
coating materials such as TiN [13], and CrN [14] synthesized by physical vapour deposition 
methods have been reported in earlier studies. The strengthening effect of transition metal 
nitride based films such as TiN and CrN with decreasing grain size, generally, follows the 
Hall–Petch relationship as described in [15].  
 
The absorption of solar energy by a thin film coating is dependent on its electronic 
configuration, wavelength of light, and the surface topographies of the coatings such as pits, 
pores, and/or peaks. Absorption of light may also be responsible for the excitation of 
electrons to higher energy states, the vibrational and rotational motions of bonds, the 
chemical reaction and restructuring/breaking of the chemical bonds, and the ionisation of 
atoms or molecules [16]. The optical properties and thermal stability of a spectrally selective 
CrAlN–CrAlON thin film based absorbing coatings have been investigated in [17]. To date, 
various types of absorbing surfaces such as interference-type, cermet coating, and absorber–
reflector tandem have been successfully developed in order to improve their solar absorption 
[18-23]. Magnetron sputtering derived HfOx/Mo/HfO2 thin film coatings exhibited 
extraordinary solar absorptance up to 0.923 [24]. High temperature solar absorption together 
with good thermal stability and oxidation resistance of CrAlN films have been reported in 




The enhancement of the tribological and mechanical properties of magnetron sputtered 
Ti/TiN, Cr/CrN and TiCr/TiCrN thin film coatings have been reported by Ezazi et al. [25]. 
In their study, the authors described combining TiN and CrN phases into a single film and 
presented a solution for the damage mechanisms that degrade material properties. The 
elastic hardness of CrN, CrAlN, CrTiN, and CrAlTiN sputtered coatings were evaluated by 
their grain sizes [26]. An average hardness of 14.5 GPa was reported for the CrN phase 
while CrTiAlN coating with the most compact morphological features demonstrated the 
highest hardness of 22.0 GPa [26]. Among  the existing transition metal nitrides, CrN thin 
film coatings have been extensively studied with respect to their structural features, 
morphological information, thermal and mechanical properties which are the key 
requirements for high-temperature applications [10, 15, 27-30].  
 
Many studies have been undertaken which examine the structural, morphological, spectral 
selective, local electronic bonding states, optical, mechanical and tribological properties of 
CrN-based thin film coatings [31-37]. However, a comprehensive study investigating the 
impact of annealing temperatures on structural, morphological, and optical properties and 
providing a detailed mechanical analysis via experimental procedure and finite element 
modeling in one paper is still lacking. Therefore, in this paper, paramount attention has been 
paid to understanding the impact of annealing temperatures on structural, optical, dielectric, 
and mechanical properties of sputtered CrN thin film coatings. The nanoindentation method 
was used to probe the mechanical parameters of CrN coatings. The intrinsic hardness was 
estimated via experiment and by modeling the substrate effect and was related to the 
microstructural features of the coatings. Accordingly, the correlation between their 
mechanical properties, residual stress level, adhesive strength, and levels of load induced 
stress induced at the coating-substrate interface, was also examined. 
 
4.2 Experimental Technique 
4.2.1 Film Preparation Technique 
The UDP650 closed field unbalanced magnetron sputtering (Teer Coatings Ltd, UK) system 
was used to prepare CrN thin film coatings onto Si (100) substrates. Two vertically mounted 
pure Cr targets (purity 99.9 %, size 345 mm × 145 mm × 8 mm) surrounded by a rotating 
substrate holder provides a uniform exposure for growing the coatings. Prior to coating, a 
background pressure of 0.4 × 10-4 Pa and the working gas pressure (during sputtering) of 
0.4 Pa was maintained throughout the process. Ar (99.999 %) was used as the working gas 
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for sputtering with a fixed flow rate at 50 sccm, and N2 (99.999 %) was used as a reactive 
gas to form nitrides while the optical emission monitor (OEM) was used to control 
dynamically. The nitrogen reactive gas was injected near the substrate holder. The entire 
synthesis process was carried out without any external heating and keeping the target to a 
substrate distance of 17 cm. Advanced Energy Pinnacle Plus power supply, at a frequency 
of 250 kHz was used to control the bias voltage while a DC power supply (current mode) 
was used to control the target current supply. To coat the CrN films, 0.2 μm chromium 
adhesive layers were applied to promote the coating adhesion with a bias voltage of -80 V 
[38, 39]. The total thicknesses of these coatings were d = 1.8 μm. Finally, the obtained 
sputtered CrN coatings were annealed from 500 to 800 C in steps of 100 C in air for 1 
hour. Elaborate details on the sample deposition parameters are outlined in Table 1. 
 
Table 1. CrN thin film coating deposition conditions.  
Experimental Conditions Name/Values 
Substrate Si(100) wafer 
Target materials  Pure Cr (99.9 %) 
Gases Ar is working gas, N2 is reactive gas 
Substrate thickness (mm) 0.40 
Target to substrate distance (mm) 170  
Substrate temperature (°C) 500  
Substrate DC bias voltage (V) -55  
Substrate holder rotation frequency 
(rpm) 
10  
Ar flow rate (sccm) 50  
N2 flow rate (%) 
Controlled by optical emission 
monitor, OEM = 35 
Ar partial pressure (Pa) 0.17  
N2 partial pressure (Pa) 0.13  
(Ar + N2) pressure (Pa) 0.40 
Base/ultimate pressure (Pa) 4 ×10-4  
Cr target power (kW) 2  
Cr target current (DC) 6.0 A  
Deposition rate (nm/min) 20  
Deposition time (min) 90  
Thickness of the coating (µm) ~1.8  




4.2.2 XRD Experiments  
The XRD measurements of the samples were carried out using a Bruker AXS D8 Advance 
(Germany) with Cu-Kα radiation (λ = 1.54 Ǻ). The XRD machine was operated at 40 kV 
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and 40 mA coupled with a Lynx-eyed detector. The XRD patterns were collected in a 2θ 
(degree) geometry = 30– 70 with a step size of 0.01°.  
 
4.2.3 FESEM Experiments 
The morphological features of as-deposited and annealed CrN thin film coatings were 
analysed using a field-emission scanning electron microscope manufactured by Zeiss Neon 
40EsB FIBSEM, an Oxford Instruments Inca X-act SDD X-ray detector.  
 
4.2.4 XPS Experiments 
Elemental compositions of the CrN films were estimated via XPS measurements around the 
outermost 5 nm surface. The XPS data of CrN films before and after annealing were 
collected using a Kratos Axis Ultra XPS spectrometer (Manchester, UK) operated with an 
Al-Kα monochromatic radiation (photon energy = 1486.6 eV) source at a power of ~10 mA 
and ~15 kV. The XPS machine was equipped with a cold stage, and an Ar ion gun for 
etching the coatings. The analysis chamber was set at a uniform pressure of 2.9 ×10-9 Torr. 
The XPS survey spectra were analysed using CASA 2.3.1.5 XPS software. 
 
4.2.5 UV-Vis Experiments 
The UV–Vis reflectance data of the coatings collected, in the wavelength range of 190 to 
2300 nm, were used to study various optical parameters of CrN films before and after 
annealing. A UV–Vis double beam spectrophotometer with 60 mm integrating sphere 
(JASCO UV-670, USA) was used to acquire the reflectance spectra in the ultraviolet to 
visible range of the solar spectra. For a given wavelength range, the solar absorptance, β of 
these coatings was calculated using the Beckman-Duffie method [40, 41]. The UV-Vis 
reflectance data were used to calculate the optical constants such as solar absorptance, band-
gap, refractive index, dielectric constants and energy loss functions for as-deposited and 
post annealed of CrN coatings.  
 
4.2.6 Nanoindentation Experiments 
Nanoindentation experiments were carried out in order to study the mechanical properties 
of the samples, and using an Ultra-Micro Indentation System 2000 workstation (CSIRO, 
Sydney, Australia), equipped with a diamond Berkovich indenter. A standard fused silica 
specimen was used to calibrate the area function of the indenter tip. The load control method 
was used with different maximum loadings of 5 mN, taking into account the fact that the 
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CrN coating thickness was 1.4 µm. This was based on the consideration that the maximum 
displacement during indentation should be no higher than 10% of the coating thickness, and 
that high loading may result in micro-cracks in the coating which is thought to be relatively 
brittle, compared with metal coatings. To obtain better resolutions, the number of measuring 
points have been increase to 15 during loading, and 20 during unloading, respectively. Finite 
element modeling (FEM) was used in this work, aimed at a detailed understanding of the 
load induced stress intensity and distribution within different coatings materials and 
configurations. Input parameters consisted of both structural and mechanical properties of 
the coating systems obtained from experiments. A two-dimensional (2D) axial symmetry 
model was adapted, with a spherical indenter (5 µm radius) at the top of a coating layer 
supported by substrate with the loading direction along the axial z-axis, using COMSOL 
Metaphysics software [42, 43]. 
       
4.3 Results and Discussion 
4.3.1 XRD Analysis of as-deposited and Annealed CrN Films  
The XRD patterns of CrN films before and after annealing, between 500 to 800 C in 100 
oC increments in air for 1 hour, are shown in Figure 1. The diffraction patterns confirmed 
the deposition of a face-centered-cubic CrN structure with  space group; Fm-3m (ICDD 11-
0065). CrN peaks (111), (200), and (220) were identified at ~ 37, ~43 and ~63 diffraction 
angles, respectively [44-46]. In this coating, oxidation of CrN at high temperatures is 
believed to occur through outward diffusion of Cr and nitrogen while oxygen diffuses 
inwardly and forms oxides inside coating layers. The Cr2O3 phase was detected above 600 
C annealing at 41.4 (113), and 51.3 (024), according to Cr2O3 (ICDD 38-01479) [47-49]. 
Hexagonal Cr2N phase was not identified due to the absence of any noticeable diffraction 
lines expected for Cr2N (ICDD 35-0803) [45, 46, 50], at 40.19 (002), 42.6 (111), and 
56.01 (112). Diffraction peaks of Cr2N phase were  not detected due to the presence of 
intensive 40.19 (002), 42.61 (111), and 56.01 (112) reflection lines that might overlap 
the potential CrN phase [45, 50]. Furthermore, the absence of a Cr2N phase could be due to 
its amorphous nature (very weak crystallites or no peaks) [45, 49, 50]. The formation of 
Cr2O3 during annealing in air was discussed by Mohammadpour et al. [51], and Qi et al. 
[52]. There are broadening in the main diffraction peaks of crystal planes of (111), and 
(200). The XRD patterns also demonstrate that with a rise in annealing temperatures, the 
degree of crystallinity of the CrN phase increases, and preferred orientations along (111) 
and (200) reflection planes increase with some peak sharpening [52]. It is implied that the 
 
110 
peak sharpening behaviour could possibly originate from the grain growth and the release 















Figure 1. The X-ray patterns of CrN films as deposited on silicon substrate and after 
annealed for 1hr at 500, 600, 700, and 800 oC.                                                                                                                    
The as-deposited  lattice constant slightly decreased from 4.19 nm to 4.11 nm at 800 C as 
shown in Figure 2. This might have resulted from the discharge of compressive residual 
stress created by the sputtering process and crystal structure refinements through the 
annealing route [44, 50]. The Debyee Scherrer formula of Eq. 1, was employed to estimate 
the grain size of the coatings.  
                                               𝐷 = 
𝐾 𝜆
𝛾 cos𝜃
                    (1) 
where K is a dimensionless quantity known as the crystallite-shape factor (K = 0.94), 𝜆 is 
the X-ray wavelength of Cu-Kα radiation (λ = 0.154 nm), 𝛾 is the line broadening at half the 
maximum intensity (FWHM) measured in radians, and 𝜃 is the Bragg angle [53]. The 
crystallite size increased with increasing annealing temperatures (up to 700 °C) and then 
abruptly decreased to at 800 °C. It is clear from the above tabulated results (see Table 2), 
that crystal sizes of the 700 °C annealed  CrN coatings were mostly greater than that of the 




Figure 2. Temperature dependent (A) lattice constants and (B) grain size of sputtered CrN 
films before and after annealing. 
 
The microstrain and residual stress developed within the film coatings was estimated by 
evaluating the d-spacing of the CrN(111) using diffraction results [55]: 




         (2) 
where ε is the component of microstrain normal to the surface, and 𝑑 and 𝑑𝑜 are the 
measured and strain free d-spacing values, respectively. The internal residual stress, 𝜎x  
induced in the coating was calculated using the following equation,  
                                          𝜎x =
𝐸
(1−𝜈)
 ×  
𝑑−𝑑0 
𝑑0
        (3) 
where d and d0 are obtained from the experimental diffraction patterns and JCPDS card of 
CrN phase, respectively, using the elastic properties of the CrN phase as obtained from our 





Table 2. Variation of crystallite size, lattice parameters, residual stress, and macrostrain 



















112.7 4.19 37.5 0.0126 5.25 
500 150.8 4.16 37.3 -0.0047 1.88 
600 154.4 4.10 37.9 -0.0108 -4.31 
700 239.9 4.09 37.9 -0.0091 -3.5 














Figure 3. Micros stress (σx) and microstrain (ε) of sputtered CrN films before annealing 
and after annealing. 
 
In Figure 3 and Table 2, it can be observed that in CrN structures,  residual stresses are 
released until 600 C and then promptly increase steeply through 700 and 800 C 
temperatures. The development of residual stress in these coatings can be seen in two 
mechanisms: the thermal residual stress generated due to the difference in thermal 
expansion coefficient between coatings and substrates, and/or, the buildup of defects such 
as vacancies, cavities, and dislocations. The release of internal residual stress in the CrN 
phase may be associated to the absorption and extinction of sputtering defects during 
annealing. The heating procedure may result in diffusing the defects through the CrN lattice 
and  absorbing defects in  grain boundaries and dislocation cores. Our observations are 





that the lattice microstrain and residual stresses are reduced as the annealing temperatures 
rise. This reflects the fact that the release of internal crystallite residual stresses in thin film 
coatings is the consequence of a reduction in defects, such as dislocations and vacancies. 
Our experimental results of crystal dimensions, lattice microstrains, and residual stress 
change trends were in good agreement with the Fourier analysis simulation conducted by 
Cunha et al. [57]. 
 
4.3.2 Morphological Features of CrN Films via FESEM Studies 
Figure 4 illustrates the FESEM images of CrN thin film coatings before and after annealing 
at 500 to 800 C in steps of 100 C in air for 1 hour. The FESEM images show a smooth 
grain-like surface with  grain sizes ranging between 50 - 250 nm. The  morphologies 
observed were a mixture of irregular grains, with reasonably small aspect ratios. Similar 
surface features were observed with the CrN samples annealed above 600 C which were 
investigated via FESEB technique [52]. The grain-like uniform crystal forming surface 
features were originated from mixed grains with  a size ranging between 82.6 and 198 nm. 
It is interesting to note that after annealing, the CrN  surface morphologies change from as-
deposited taper and triangular compacted structures to granular and face-centered structures. 
Furthermore, the Cr2O3 grains appeared in the coating top layer. Above 600 
oC, the film 
grain sizes being enlarged with the increase in annealing temperatures [52]. This is due to 
the increased grain size of Cr2O3 structures which developed after 600 °C and which were 
detected to be as large as ~0.500 μm at 700 °C due to the grain coalescence effect. Thus, 


























Figure 4. The FESEM morphological features of sputtered CrN thin films in as deposited 
state and after being annealed at various temperatures.  
 
4.3.3 X-ray Photoelectron Spectroscopy (XPS) Characterizations of CrN Films before 
and after Annealing 
XPS analysis of CrN thin film coatings in the binding energy range of 0-1200 eV, before 
and after annealing,  were carried out to estimate their elemental compositions are listed in 
Table 3. From Table 3, it is evident that annealing has a protruding effect on the atomic 
composition of these coatings. The atomic percentages of Cr and N were reduced with the 
rise in annealing temperature until 600 °C, while the oxygen contents were enhanced. This 
indicates that the occurrence of surface oxidation around the coatings as the temperature 
rises. At higher annealing temperatures, the higher oxygen content gives rise to the thicker 
and predominant oxygen layer around the surfaces.  
 
 
As-deposited 600 °C 
700 °C 800 °C 
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Table 3. XPS results of sputtered CrN films in as-deposited and at various annealing states.  
Annealing temperatures 
(°C) 
Atomic percentages (%) of elements 
Cr N O 
As deposited 36.92 37.87 25.21 
500 28.40 11.97 59.63 
600 32.35 4.55 63.10 
700 32.60 3.03 64.37 
800 36.78 2.68 60.54 
 
4.3.4 Optical Characterizations of CrN Films before and after Annealing  
4.3.4.1 UV-Vis Characterizations 
Table 4 charts the solar absorptance, β values of the sputtered CrN films which were 
estimated using the ultraviolet visible reflectance data collected in the wavelength range of 
190-2300 nm (see Figure 5), as described in [58, 59]. Low spectral reflectance indicates 
high spectral absorptance and vice versa. From this study, it is shown that the annealing 
temperature of the absorber coating layer influences the final absorptance of the CrN matrix. 
Clear absorption edges of these coatings were noticed at the shorter wavelength range of 
spectra. Other scholars also reported a similar phenomenon [60-65].  
Figure 5. UV-Vis reflectance spectra of CrN sputtered films deposited onto silicon 




Generally, the absorption edges shift towards the longer wavelength sides with the rise of 
annealing temperatures. As a result, higher absorptance values are recorded at high 
annealing temperatures. However, in order to obtain optimized spectra with selective solar 
absorption, the position of the reflectance value in the cut-off area (at ~2300 nm) has to be 
of a relatively high reflectance value. The absorption edge of CrN coatings annealed at 
700 C detected at 900 nm showed a relatively lower interference peak comparing to the 
other spectra. 
 
Table 4. Solar absorbance values of CrN coatings before and after annealing at different 
temperatures in air for 1 h. 







This indicates that the absorptance value of the coating annealed at 700 °C is the highest 
(89%). Even though its reflectance position in the cut-off area is relatively lower than the 
other coatings, 700 °C annealed coatings can be considered as optimal due to its highest 
absorptance. The absorptance value of 89% appears to be very promising in their 
applications for harvesting solar energy in selective absorber systems. We may summarize 
that the crystallized nanosized grain-like particles that grown and become more to be as a 
solid solution (as seen in FESEM studies) are capable of providing a conducive surface for 
the absorption of solar radiation due to the multiple reflections that occur inside the pores 
[66]. As a result, the solar absorptance value is enhanced due to the interaction and 
relaxation mechanisms in absorber and resonant scattering in the pores [64, 67]. 
 
4.3.4.2 Optical Band-gap Analysis 
The linear absorption coefficient can be determined by using the reflectance spectra of the 
films using the following relation, 
                                               𝛼 = 2.3026
𝐴
𝑑
        (4) 
where α is the absorption coefficient, A is the solar absorptance (in terms of %) as estimated 
from the UV-Vis reflectance data, and d is the coating's thickness [68]. Solar absorption of 
UV-Vis light is related to excitation of electrons in both atoms and molecules. The spectral 
dependence of α helps to study the band structure and the type of electronic transitions 
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involved in the absorption process. The energy dependence of the absorption coefficient of 
CrN systems before and after annealing is displayed in the following Figure 6. Crystalline 
and amorphous materials obey the Tauc relation during the photon absorption process which 
can be used for CrN coating band-gap calculations [40, 69-71]. Tauc plots of photon energy 






















Figure 6. Energy dependence of the absorption coefficient of sputtered CrN films before 

















Figure 7. Tauc plots of (αhv)2 VS photon energy(hv) of CrN coatings before and  after 
annealing. Estimation of band-gaps of thin films in direct method. 
 
The energy band-gap values of CrN coatings before and after annealing as estimated via the 
interception of linear portion of the curves extrapolated to zero in the photon energy axis 
are tabulated in Table 5. The values of as-deposited and annealed coatings energy gaps lie 
between 1.38 and 2.62 eV. It is found that the energy band-gap values are dramatically 
reduced with the rise in annealing temperature of the Cr-nitride systems. The energy band-
gap values are linearly decreased with the rise in annealing temperature up to 700 °C, then 
increased to 1.48 eV at 800 °C. The subsequent drop in materials energy band-gap values 
represent a very important aspect in improving the photon absorption capability of these 
coatings. The spectral absorption of solar surfaces strongly depends on the presence of 
localized states around the forbidden energy band-gap. The absorption contours offer 
valuable information on these localized states and highlight the occurrence of disorderness 
in the films [72]. The energy band-gaps of CrN coatings was changed from 2.62 to 1.38 eV, 
as the annealing progresses from room temperature to 700 C. With the gradual increase in 
annealing temperature, the degree of crystallinity of CrN coatings is increased together with 
the monotonic increase in their grain sizes and thereby the energy band-gaps are decreased. 
It is also assumed that the energy band-gap is associated with the change in carrier 
concentration and can be seen in the Burstein-Moss shift [73]. The BM shift in band-gaps 
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arises because conduction the bands lower energy states are obstructed by the presence of 
higher carrier concentrations. The BM shift or band-gap narrowing is also related to several 
many-body interactions between the carriers in the conduction bands and valence bands. As 
a result, the energy band-gap values are dwindled. Our results were found to concur with 
previous reports [74, 75]. Thus, the band-gap studies, of CrN systems are well-consistent 
with our XRD and FESEM results.  
 
Table 5. Energy band-gaps of CrN coatings before and after annealing at different 
temperatures. 








4.3.4.3 Refractive Index and Extinction Coefficient Analysis 
The refractive index and extinction coefficient are two key parameters in realizing various 
optical and dielectric properties of coating based materials. UV-Vis reflectance spectra 
collected in the wavelength range of 190–2200 nm were used to calculate the refractive 
index, n and the extinction coefficient, k of the coatings from the coming relation, 
                                                   𝑛∗ = 𝑛 + 𝑖𝑘                                        (5) 
Elaborate explanations of refractive index, n and extinction coefficient, k are available 
elsewhere [40]. The wavelength dependence of the refractive index, and extinction 






Figure 8. (A) Refractive index, and (B) Extinction coefficient of CrN sputtered films 
deposited onto silicon substrates as a function of wavelength before and after annealing. 
 
Both n and k have increased dramatically with the increasing of annealing temperatures. 
This may confirm the enhancement of the films crystallinity. Further investigations also 
reveal that in the lower wavelength region of up to around 850 nm, n refractive index is 
linearly increased and reached to a maximum value and then it sharply dropped with the 
increase in wavelength. Similarly, the k values increase with the increase in wavelengths. 
These features indicate that n shows asymmetrical dispersions in the lower wavelength 
regions and normal dispersion in the higher wavelength sides whereas the reverse 
phenomena were identified for the k. The dispersion of the refractive index explores a peak 
at 850 nm corresponding to π-π* transitions of the UV oscillator. On the other hand, the 
abnormal nature arises due to the resonance effects between incoming solar radiation and 
electronic polarizability. This occurs due to the coupling of electrons and oscillating electric 
fields of the incident electromagnetic radiation [75-78]. The refractive index is strongly 
associated with the electronic polarizability of ions and local field of the CrN coatings. A 
complete understanding of the refractive index of these coatings is very important for their 
applications in integrated optical devices, such as solar absorber systems for different 
functions, solar heating and solar electrical generating systems in medium and warm 




























































4.3.4.4 Dielectric Characterizations 
Dielectric parameters play an important role in identifying the characteristics of solar 
selective absorbing coatings. It is well-known that the optical band-gap probes the optical 
properties near the band edges of a material. In particular, localized states near the 
conduction or the valence band have a strong effect on the optical absorption and thus 
decline the band-gap energy [68, 79]. The frequency dependence of the electron excitation 
spectra of thin film based materials can defined in terms of complex dielectric constant,                      
   (𝜔) =  1(𝜔) + 2(𝜔) = ((𝑛(𝜔) +  𝑖𝑘(𝜔))
2                (6) 
where 1 and 2 are the real and imaginary parts of the dielectric function, respectively. 
Figure 9 shows the real and imaginary parts of dielectric constant of CrN coatings, as a 
function of wavelength, before annealing and after being annealed at different temperatures.                                                                                                                                                                       
Figure 9. (A) Real and (B) imaginary part of dielectric constant of CrN sputtered films 
deposited onto silicon substrates as a function of wavelength before and after annealing. 
 
In the visible and UV-region, the 1 and 2values increase with the rise in annealing 
temperatures. The real part of the dielectric constant, of CrN sputtered films, as the function 
of wavelength resembles the same trend as that of the reflective index because these two 
quantities are directly proportional to each other. It is also know that the real part of the 
dielectric constant (ε2) is associated to the polarization and anomalous dispersion of the 
medium, while ε2 is related to the exponential decay of the electric field i.e., the power 
dissipation into the medium. In the visible and UV-region, the 1 and 2values increase with 
the rise in annealing temperatures. A greater value of 1/ 2 indicates that the CrN thin film 
coatings have a good low-loss dielectric nature, which may be due to the increased electron 
density functions of the coatings. It is also assumed that the improvement in crystallinity of 
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the coatings can decrease the degree of electron scattering and increase the free-electron 
density [78, 80]. The essential electron excitation spectrum of the thin film coatings was 
inferred from the frequency dependence of the complex dielectric constant. Thin film’s 
frequency response of the dielectric constant shows that the interactions of the photons and 
electrons in the film originates within the observed wavelength range. In thin film materials, 
the power loss factor generally arises from the inelastic scattering process during the charge 
conduction and charge transfer mechanisms. The amount of energy represented by 1 and  
2 as stored in dielectrics are termed as polarization energy and loss energy, respectively 
[78].  
 
4.3.5 Mechanical Characterizations of CrN Films: Nanoindentation and FEM 
Modeling 
4.3.5.1 Nanoindentation Results 
Generally speaking loading-displacement curves are shown in Figure 10, while the 
experimental results of Young’s modulus E and hardness H are given in Figures 11 and 12. 
The elastic modulus E of the as-deposited film is 299 GPa (see Table 6). After annealing it 
changes within the range 215-315 GPa (taking into account the error margin). A general 
trend may be identified, namely that the Young’s modulus decreases with the increasing 
annealing temperature. This is in general agreement with previous studies [82]. Within the 
error margin, no significant change in the modulus was observed in all the three samples 
after annealing at a temperature of 600 °C (see Figure 11). However, after annealing at 700 
and 800 °C, significant change in the elastic modulus was observed, with a ~22% drop after 
annealing at 800 °C. The hardness value H of the as-deposited film was measured as 18.5 
GPa. After the films were annealed at 600-800 C, a 3 to 8% decrease of hardness values 
was observed. Similar effects, i.e., the lowering of E and H values after annealing have been 
reported for different coatings. For example, it was reported that annealing has a negative 
impact on ITO thin films [54, 83].  
 
The Hall-Petch relationship [84] can be used to elucidate the correlation between the 
hardness with grain size data of CrN coatings. The H-P relationship predicts that as the grain 
size of a material is decreased, the yield strength (hardness/elastic constant) is increased and 
vice versa. Nanoindentation results of the CrN phase at different annealing temperatures 
displayed in Table 6 revealed that, from room temperature to 800 C, the elastic modulus 
and hardness values of CrN structure is gradually reduced from 299.3 ± 15 and 18 ± 0.5 
GPa to 234.1 ± 10, and 17 ± 0.5 GPa, respectively. According to the Hall–Petch 
phenomenon, the hardness of materials is inversely proportional to the square root of the 
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grain sizes [85]. Thus, the grain size, yield strength and nanoindentation results presented 


































Figure 11. Elastic modulus plot for the CrN samples, as deposited, and annealed at 500, 






















Figure 12. Hardness plots for the CrN sputtered films as deposited, and annealed at 500, 
600, 700, and 800 °C, respectively.  
 
Table 6. Elastic modulus derived from the indentation data. 
 
To understand the impact of annealing on the mechanical properties, we need to identify the 
factors affecting these mechanical properties. It has been reported that the hardness of the 
coatings produced using the PVD method can be enhanced by the level of residual 
compressive macrostresses, as well as high levels of defects and associated microstresses 
[86]. The coatings prepared by physical vapor deposition methods such as sputtering usually 
accumulate a considerable amount of residual stress in the coatings [87], which helps with 
enhancing hardness. However after annealing, the absolute stress within the CrN film will 
be reduced to only about half of that before annealing (Figure 3), and this had a detrimental 
effect on the hardness of the film. Furthermore, the elastic modulus of a material has been 
found to be directly proportional to the squire root of the hardness of the same material [88], 
which explained the lowered E value after the CrN film has been annealed. The 
microstructure and impurity could also modify the mechanical properties. For example, the 







As deposited 299.3 ± 15 18 ± 0.5 
500 298.8 ± 15 18 ± 0.5 
600 298.0 ± 13 17.7 ± 0.4 
700 284.2 ± 14 17.2 ± 0.5 
800 234.1 ± 10 17 ± 0.5  
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higher temperature, also contributes to the decrease of the hardness, which is consistent with 
previous studies on the same and similar materials [52, 54, 56, 87, 89].  
 
4.3.5.2 FEM Modeling 
Finite element modeling was used in this work, and aimed at a detailed understanding of the 
load induced stress intensity and distribution within different coating materials and 
configurations. Comsol Multiphysics software was used as the simulation tool. A 2D axial 
symmetry model was adapted, with a spherical indenter (5 µm radius) at the top of a 1.2 µm 
CrN coating layer supported by three different substrates: silica, silicon (111) and steel. For 
comparison purposes, an interlayer was inserted between the coating and substrate, with a 
thickness of 0.2 µm, which was typical for our samples. A software pre-defined contact pair 
was created between the indenter and the surface of the film, which completely defined the 
boundary condition of the contact. The diamond indenter, which has a higher stiffness in 
the normal direction, was selected as the master boundary, and the surface of the film, the 
slave boundary. The friction in the shear direction was not modeled.  For the purpose of 
modeling calibration, a standard fused silica sample (Young’s modulus 71.7 GPa) was 
experimentally tested using a spherical indenter of 10 µm, and loaded with a different 
loading. The indentation depth at different loadings are recorded. This experiment setup was 
then built into a FEM model and tested. Using the same indentation depth the modeling 
results of the loadings agree well with the experimental data, within an error margin of 3%. 
Further details of modeling have been given in our previous work [90]. The elastic moduli 
obtained from our nanoindentation measurements (Table 6) were used for the coating layer. 
Modeling parameters for the interlayer, substrate and the indenter, are given in Table 7 [90].  
 












Steel 200 0.30 675 1.7 
Silicon (111) 200 0.25 - - 
Silica 80 0.25 - - 
Cr 200 0.30 700 1.7 
Indenter 
(diamond) 
1141 0.07 - - 
 
Interactive meshing was applied in order to optimize the modeling process. Typical 
geometrical model and meshing are presented in Figure 13. The elastic modulus used in the 
modeling work are those obtained from the indentation data, which are listed in Table 6. 
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Details of load induced stress distribution within the coating layer plays an important part 
in determining the integrity of the coatings under loading conditions. Firstly, the focus is on 
the load induced von Mises stress, also known as equivalent stress and is labelled as 𝜎equiv. 
This is a measure of the ‘severity’ of the potential damage to the integrity of the coating. 
Our modeling results indicate that, there are two primary locations in the coating layer with 
high load induced stress concentrations: one is close to the indenter, and the other is at the 
interface between the coating and the interlayer or substrate. At shallow indentation depth, 
the stress maximum is close to the coating surface. When the indentation depth increases, 
the stress maximum moves downwards, and the stress maximum shifts towards the interface 
between the coating and the substrate (see Figure 14). With small loadings, when the stress 
maximum is close to the coating surface, the load induced stress is primarily compressive 
in nature, which is less detrimental to the integrity of the coating. However, with the increase 
of the loading, the stress maximum will move towards the interface, while it becomes tensile 
in the horizontal direction, when intensity of shear stress also increased. These are the 

















Figure 13. Geometry and the meshing of the indentation model used in this work. (a) The 
diagrammatic sketch of FEM model, with a diamond indenter of 5 μm in radius on the top 
of a CrN coating layer of 1.2 μm thick. The coating is setting on an interlay of 0.2 μm, and 
then the substrate represented by a square of 50 μm. Note that this model is ‘axial 
symmetric’ so that it represents a cylinder formed by rotating the schematics about the 
dashed line (b) FEM mesh generated using interactive method, so that denser meshing 
points are located in the areas of interest, and (c) Magnified meshing details around the 




Here we observed that, after annealing above 600 C, the films become softer with lower 
elastic moduli (Table 6).  The change in elastic modulus will, in turn, result in a change in 
the load induced stress level and distributions in the film. In Figure 15 we show the FEM 
results of a comparison of the indentation depth and as a function of the maximum (load 
induced) stress level within two different films – as-deposited and annealed. It is clearly 
demonstrated that, in order to induce the same stress level, a greater indentation depth is 
required for the as-deposited film. In other words, even assuming that the yield strength 
remains the same after the film is annealed, a smaller indentation depth is required to result 
in yielding within the film. As discussed in Section 3.6.1, the hardness of the film would 
have been already reduced after annealing, due to the reduced residual stress, formation of 
Cr2O3, etc. Generally speaking, the yield strength of a material is positively correlated to its 
hardness [92, 93]. Taking into account of all these factors, our FEM modeling results predict 
a negative impact of annealing upon the mechanical integrity of the CrN film, i.e., much 
























Figure 14. Modeling results of load induced stress distribution in the as-deposited CrN 
coating on a silica substrate, at different indentation depth. The Young’s moduli adopted 
are 299.3 GPa for the CrN film (Table 6), and 80 GPa for the substrate (Table 7), 
respectively. (a) indentation depth 0.1 µm, (b) indentation depth 0.16 µm, (c) indentation 
depth 0.22 µm, and (d) indentation depth 0.28 µm. The right-hand side column presents 
the stress distribution along the centre symmetrical axis at corresponding indentation 





















Figure 15. The modelling results of indentation depth as a function of the indentation 
loading, for the as-deposited and annealed (800 °C) CrN films. 
 
The thickness of the interlayer, as well as the material matching between the interlayer and 
substrate, also plays a very important role which has an impact on the level of load induced 
stress level in the coating layer. For example, our modeling results indicate that, when a thin 
Cr interlayer (~100 nm) is added between the CrN coating and the substrate, there will be a 
(20–30%) increase in the stress level. It should also be noted that, after annealing the 
hardness and the strength of the coating materials are also decreased, so the lowering of the 
stress level does not mean the damage tolerance of the coating becomes greater.  
 
A comparison for CrN different substrate materials is shown in Figure 16. Importantly, the 
maximum load induced stress level within the coating layer will vary for different substrate 
materials. Of the three different type of substrates modeled in this work, i.e., silicon, steel, 
and silica, the later has the lowest elastic modulus, so at the same indentation depth the 
lowest stress level will be induced in it. In contrast, silicon and steel substrates have higher 
elastic modulus, so both the equivalent and shear stress concentrations occupy a larger 
volume. At the same time, the equivalent stress concentration is shifted down towards the 
interface. Generally speaking, for materials with higher elastic modulus delamination are 
more likely to occur under heavy loadings. It is also interesting to note that, although silicon 
and steel substrate have about the same Young’s modulus, the load induced stress level is 
much lower within the latter. This is due to the elasto-plastic property of the interlayer, 
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which tends to have higher deformation once the load induced stress level exceeds it 
yielding strength, resulting in larger localized deformation. As a result, the stress tends to 

















Figure 16. Finite element modeling results of (a) equivalent stress and (b) shear stress 
distribution within sample CrN at an indentation depth of 0.12 µm. Top to bottom: silica 
substrate, silicon substrate, steel substrate. 
 
In summary, the hardness and elastic modulus of the as-deposited coatings are calculated as 
18.5 GPa and 299 GPa from indentation results. Annealing at a temperature below 500 °C 
does not affect H and E values, but 800 °C annealing reduces the H and E by 8% and 22%, 
respectively. From FEM modeling it has been seen that the load induced stress levels are 
reduced after the coatings are annealed, particularly at higher temperatures. The load 
induced stress level will also change when using different types of substrates, and in 
materials of high elastic modulus, a higher level of stress will be induced at the interface 
between the coating and the substrate, which is detrimental to the coating integrity and 
results in delamination. Finally, introducing a metal interlayer will increase the stress level 




This study aims at understanding the structural evolution, optical, dielectric, and mechanical 
studies and finite element modeling of as-deposited and annealed CrN thin film coatings. 
The existence of a face-centered cubic CrN phase was confirmed via XRD studies but the 
presence of a Cr2N phase hexagonal was not detected.  The gradual increase of grain size 
and the gradual decrease in lattice parameters with the rise in annealing temperatures was 
observed.  The atomic compositions of CrN coatings before and after annealing were also 
confirmed using the XPS studies. A consistency between the solar absorptance and energy 
band-gap studies of these coatings were revealed in the UV-Vis reflectometry studies. The 
mechanical properties studied by nanoindentation showed that hardness and elastic modulus 
are dependent on the microstructure, grain refinement and residual stress. It is known that 
greater hardness corresponds with the smaller crystallite size of thin film coatings. The 
hardness of CrN coatings was governed by the composite structure formed by the nano-
crystallites and amorphous structures after the heat treatment. As a result, the coatings 
hardness didn’t reach to the superhardness level. It is believed that the post annealing 
amorphous layers formed around the grain boundaries substantially degrades the strength 
and hardness of the CrN coatings. However, a thick amorphous layer could essentially 
improve the oxidation resistance and stability of the CrN coatings by hindering atomic 
disseminations at high temperature exposures.   
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Paper IV: Tailoring the Annealing Impacts on Structural, 
Morphological, Opto-dielectric and Mechanical Behaviors of Mo:CrN 
Coatings: Experimental Studies and Finite Element Modeling 
Abstract 
In the present study, molybdenum doped chromium nitride coatings deposited onto silicon 
substrates via unbalanced magnetron sputtering, in as-deposited condition and annealed at 
500 – 800 C in steps of 100 C were studied to reveal their temperature dependent 
structural, morphological, optical and mechanical behaviors. An analysis of these features 
was carried out using X-ray diffraction (XRD), field emission scanning electron microscopy 
(FESEM), UV-Vis spectroscopy, nanoindentation and finite element modeling (FEM) 
techniques. XRD results exhibited a significant improvement in the crystallinity of the Mo-
doped CrN coatings along (111) and (200) diffraction planes, as the annealing temperatures 
increased. The lattice parameters were gradually decreased as the temperature increased and 
it reached the lowest value of 4.125 nm at 800 C. The same tendency was also observed 
for lattice micorstrains and residual stresses. Smooth grain-like surfaces were observed by 
FESEM imaging techniques. At an annealing temperature of 700 C, the spectral 
absorptance of Mo:CrN films attained its peak value (86%), whereas the energy band-gaps 
were reduced from 2.48 to 1.14 eV. The other optical parameters such as complex dielectric 
constants, Urbach energy values, and steepness parameters of these coatings were also 
discussed. Nanoindentation experiments and finite element modeling (FEM) results 
indicated that at higher annealing temperatures, both the mechanical hardness (H) and the 
elastic modulus (E) of Mo:CrN coatings dwindled.   
 
5.1 Introduction 
Metal nitride coatings such as titanium nitrides and chromium nitrides have attractive physico-
chemical, optical, electronic, mechanical and thermal characteristics which make them suitable 
and scalable in a wide range of technological and industrial applications [1-6]. Due to their high 
hardness, good adhesion to substrate, excellent wear resistance, low friction coefficient, high 
corrosion and oxidation resistance, attractive elastic modulus values, high melting point and 
superior chemical stabilities, these coatings have been widely used in high-speed cutting and  
machining [7], moulding dies and cold forming [8], combustion engine moving parts and  
rocket nozzles [9]. CrN-based coatings proposed to show significant superiority over TiN-based 
coatings in terms of corrosion and wear resistance, and anti-oxidant behaviours at high 
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operating temperatures [10, 11]. For these reasons, metal nitride coatings based materials have 
been widely investigated to improve their structural, mechanical, optical, and chemical 
characteristics.  
 
The sputtering deposition technique is considered as a favourable method for fabricating 
ceramic-based CrN coatings with high quality structure, good mechanical and tribological 
properties [8, 9]. The majority of these studies have been focused on doping the binary CrN by 
other elements, e.g., Ti [12], Si [13, 14], Al [15], Cu [16], V [17], Nb  [18],  and Mo [19]. It 
has been reported that the dopants either substitute the host atoms on their sites or distribute 
their atoms around the amorphous grain boundaries at the columnar nanocrystalline structure 
of CrN coatings. The Mo has been extensively used as a dopant for CrN coatings because of its 
potential to improve the hardness [19], wear, and friction resistance, and corrosion and 
oxidation resistances [20-22]. It is considered as a dopant to the CrN structure due to its ability 
to form a molybdenum oxide layer on the surface of the coating which suppresses the diffusion 
of oxygen into the upper surface of coatings [20, 23]. Ezazi et al. have reported that the Mo-
dopant significantly affects the preferred orientation of CrN coatings [24].  The incorporation 
of Mo also induces the compressive residual stress in the lattice structure of CrN. Moreover, 
the mechanical properties such as hardness, elastic strain and plastic deformation resistance of 
Mo-doped CrN coatings were remarkably enriched [19, 20]. All these eventually confirm the 
vital role of Mo-doping in manipulating the hardness and damage resistance of CrN coatings.  
 
The CrN, and Mo-doped CrN sputtered thin film coatings were investigated to comprehend 
their structural, spectral selective, and mechanical features in both as deposited and annealed at 
various temperatures [25, 26]. Various optical coefficients such as optical absorption 
coefficient, optical band-gaps, complex refractive index, dielectric constants, and energy loss 
functions of these coatings were thoroughly inspected. The nanoindentation and finite element 
modeling results indicated that the hardness and elastic modulus values of CrN coatings are 
significantly reduced with the annealing progression. In view of these facts, in this study the 
evolution of Mo-doped CrN coatings as a function of annealing temperatures in the range of 
500–800 C in steps of 100 C has been extensively examined. Nano-indentation experiments 
and finite element stimulations (FEM) were also carried out to reveal their mechanical 
characteristics. It is also aimed at attaining a control methodology to develop a novel solar 
absorptive coating with desired physico-chemical, optical, dielectric, and mechanical properties 
for mid to high temperature applications.  
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5.2 Experimental Section 
5.2.1 Film preparation methodology 
An unbalanced magnetron sputtering ion plating (UDP650, Teer Coatings Ltd, UK) system 
was used to fabricate Mo:CrN films onto Si (100) substrates. Two Cr and one Mo targets 
(99.9% purity; 345 × 145 × 8 mm size) were used in the system to coat the films. Elaborate 
details of specimen preparation methodology has been described elsewhere [26]. Finally, 
the obtained Mo:CrN thin film coatings were annealed at 500–800 C in steps of 100 C in 
air for 1 hour.  
5.2.2 XRD analysis 
XRD measurements were conducted using a Bruker AXS D8 Advance X-ray diffractometer 
(Cu-Kα radiation of wavelength, λ = 1.54 Ǻ), operated at 40 kV and 40 mA integrated with 
a Lynx-eyed detector. The scan parameters used were: 2θ scan range (degree) 30 – 65; step 
size (degree): 0.01, time/step 0.15 s and total scan time/sample was ~15 minutes. Phase 
identification of the films was confirmed by matching the diffraction peaks with those of 
the JCPDS database. The lattice parameters of the defined structures were estimated from 
the XRD peaks using Debye-Scherrer formula.  
 
5.2.3 FESEM Imaging 
The structural morphologies of as-deposited and annealed Mo:CrN thin film coatings were 
analysed via Philips XL 20 SEM provided with an electron dispersive X-ray (EDX) analysis 
column and a Zeiss Neon 40EsB Field Emission Scanning Electron Microscopy (FESEM). 
The samples were fixed onto the holder using carbon tape prior to coating with platinum in 
order to minimize the charging effects.  
5.2.4 UV-Vis Studies 
A JASCO UV-670, USA double beam spectrophotometer was used to record the reflectance 
spectra of Mo:CrN coatings in the wavelength range of 190 to 2300 nm. The solar 
absorptance of Mo:CrN coatings were estimated using Beckman-Duffie method described 
in [27, 28],   
𝛼 = 
∫  𝐼𝑠𝑜𝑙 (𝜆 )(1−𝑅(𝜆 )𝑑𝜆
2.3
0.19
∫  𝐼𝑠𝑜𝑙 (𝜆 )𝑑𝜆
2.3
0.19
      (1)        
The other optical constants such as solar absorptance, optical band-gap, and dielectric 
parameters of as-deposited and post annealed of Mo:CrN sputtered coatings were computed 




5.2.5 Nanoindentation and Finite Element Modelling FEM Tests 
In this study, experimental nanoindentation has been carried out to investigate the 
mechanical properties of Mo:CrN thin film coating, via Ultra-Micro Indentation System 
2000 workstation (CSIRO, Sydney, Australia). This nanoindentation machine is equipped 
with a diamond Berkovich indenter. Calibration of the indenter was performed using a 
standard fused silica specimen. In the experiments we used load control method with a 
maximum loading of 5 mN, taking into account that the CrMoN coating thickness is 1.4 
µm, and that the maximum indentation depth during indentation should be no higher than 
10% of the coating thickness. This is because a high loading may result in micro-cracks in 
the relatively brittle coating layers. The number of measuring points was set to 15 during 
loading, and 20 during unloading, respectively. COMSOL Multiphysics software has been 
used as the modeling tool (FEM) to simulate the intensity and distribution of loading 
induced stress within different coatings materials and configurations. A 2D axial symmetry 
model was constructed, with a spherical indenter (5 µm radius) at the top of Mo:CrN coating 
layers with different thicknesses. Its objective is to evaluate the magnitude and distribution 
of the stress within the film, as well as the influence of the film thickness and type of the 
substrate on the integrity of the film-substrate system. The coating layers with different 
thicknesses were modeled and were built on four different types of substrates: silica, silicon 





5.3 Results and Discussion 
 
5.3.1 XRD Analysis of the as-deposited and Annealed Mo:CrN Coatings 
The XRD patterns of as-deposited and annealed Mo:CrN thin film coatings are shown in 
Fig. 1. The XRD results confirm the presense of face-centered-cubic CrN structures with  a 
space group: Fm-3m (ICDD 11-0065). The Bragg peaks featured at 2θ (= 37, 43 and 63) 
are assigned to (111), (200), and (220) reflection lines, respectively [19, 22, 31]. The main 
diffraction peaks of the (111), and (200) reflection lines were broadened due to overlap the 


























Moreover, the crystalline structures of  both CrN and Mo2N phases improved with 
increasing annealing temperature due to enhancement of the grain growth and release of 
residual stress in the lattice structures [23]. A new phase of Cr2O3 was observed at 32.5, 
41.4 and 51.3 referring to (104), (113) and (024) reflection planes, respectively (ICDD 
38-01479) for the coatings annealed at 600 C [32-34]. It is believed that in Mo-doped CrN 
coatings, the CrN phases are oxidized at higher annealing temperatures due to the external 
dissemination of chromium and nitrogen. However, the surface oxygen molecules are 
dispersed inwardly to form metal oxides around the coating surfaces. 
 
The lattice constant of as-deposited  Mo:CrN coatings was calculated to be 4.20 Ǻ, and it 
slightly decreased to ~ 4.125Ǻ when the film annealed at 800 C (See Table 1 and Fig. 2), 
indicating a shrinkage  and distortion in the lattice structures. This is also attributed to the 
release of residual stress resulting from sputtering deposition and/or the structural changes 
during the heat treatment cycles [20, 22].  The Debyee method was used to calculate the 
crystallite size of Mo:CrN films.  
                                    𝐷 =  
𝐾 𝜆
𝛽 cos𝜃
                  (2) 
Figure 1. The X-ray patterns of Mo:CrN films as deposited on silicon substrate and after 




where K is the crystallite-shape factor (K = 0.9), 𝜆 is the X-ray wavelength, 𝛽 is the full line 


















Table 1. Variation of crystallite size, lattice parameters, residual stress, and microstrains 



















106.18 4.20 37.02 0.01303 5.43 
500 82.64 4.19 37.12 0.01052 4.38 
600 118.41 4.17 37.26 0.0068 2.821 
700 178.58 4.13 37.66 -0.0033 -1.36 
800 198.93 4.12 37.72 -0.0049 -2.05 
 
From Table 1, the calculated crystalite size of as-deposited Mo:CrN coatings were 106.18 
nm, and it was sharply decreased to 82.64 nm as the films were annealed at 500 C. Then it 
started to increase with the increase in annealing temperatures reaching to the maximum 
value of 198.93 nm for the film annealed at 800 C. This is based on the fact that high 
temperature annealing enhances the agglomeration of the coating particles, and thereby 
larger grains were grown [34, 36].  
 
Figure 2. Temperature dependent (a) lattice constants and (b) grain size of sputtered 














































The microstrain developed within the coatings was calculated by assessing the d-spacing of 
CrN(111) phase using the following relation [37], 




       (3) 
where ε is the microstrain component, and 𝑑 and 𝑑𝑜 are the experimental and usual d-
separation values, respectively. The internal residual stress, 𝜎x  values were calculated using,  
                                  𝜎x =
𝐸
(1−𝜈)
 ×  
𝑑−𝑑0 
𝑑0
       (4) 
Experimentally measured values of elastic modulus and Poission’s ratios were used to 















Refering to Fig. 3 and Table 1, it is seen that the microstrain in Mo:CrN structure releases 
gradually and smoothly, while in CrN coatings microstrains were steadily realeased until 
600 C and then increased abruptly at 700 and 800 C [26]. The growth of residual stress in 
Mo:CrN films is associated with two mechanisms: (i) the difference in the thermal 
expansion coefficients between the coatings and the substrates,  and (ii) the occurence of 
various defects (e.g., vacancies, cracks, and disorders) around the coating surfaces. The 
internal stress release is also believed to be related to the absorption and annihilation of 
sputtering imperfections during the heat treatment cycles. Thermal treatment also results to 
spread the deficiencies in the Mo:CrN phase, and  these defects are absorbed in  the grain 
Figure 3. Micros stress (σx) and microstrain (ε) of sputtered Mo:CrN films before 





























bounderies. Our results are in good agreement with an earlier report [36]. The lattice 
microstrains and compressive residual stresses, in Mo:CrN coatings, are slightly higher than 
those of CrN coatings, and decreased for both coatings as the annealing progresses (see 
Table 1 and Fig. 3). These trends of changing the lattice constants,  lattice microstrains and 
compressive residual stresses of Mo:CrN coatings with respect to the annealing process are 
consistent with the Fourier analysis diffraction peak studies reported in Ref. [38]. 
 
5.3.2 Morphological Features of Mo:CrN Films via FESEM Studies  
The surface morphologies of as deposited and annealed Mo:CrN coatings are shown in Fig. 
4. The Mo:CrN coating showed a plane grain-like surface along with a combination together 
with a mixture of asymmetrical grains and insignificant aspect ratios. The grain sizes of 
Mo:CrN structures were estimated to fall in the range of 45 and 237 nm. These observations 
were consistent with an earlier FESEB measurements [39, 40]. By way of contrast, the 
surface features observed from the Mo:CrN coatings were different in size and shape. With 
the subsequent annealing procedures, the Mo:CrN surface features were transformed from 
as-deposited narrow and trilateral condensed assemblies to coarse and face-centered 
morphologies. The Cr2O3 phases were seen at top coatings’ layers and beyond 600 C, the 
crystallite sizes were subsequently enlarged [40]. In summary, we say that key deviations 





  As-deposited 500 oC 
600 oC                                   700 oC                                   
800 oC 
Figure 4. The FESEM morphological features of sputtered Mo:CrN thin films in as deposited 
state and after being annealed at various temperatures.  
 
146 
5.3.3 Opto-dielectric Characterizations of Mo:CrN Films 
5.3.3.1 UV-Vis Investigations 
The reflectance data, measured in the UV-Vis range of 190-2300 nm, has been used to 
calculate the solar absorptance of Mo:CrN thin film coatings using Duffie-Beckman method 
[43-45]. Fig. 5 shows the reflectance spectra of as-deposited and annealed Mo-doped CrN 
thin film coatings. We have selected only four annealing steps, since they afford an 
optimized reflective system compared to other annealing cycles [46]. As seen in Fig. 5, in a 
general, the absorption edges shift towards the longer wavelength sides with the rise in 
annealing temperatures. Fig. 6 shows the dependence of the absorption coefficient of 
fabricated Mo-doped CrN coatings on annealing temperature. It is clear from Fig. 6 that, all 
coatings show an increase in the absorption coefficient in the visible region with increasing 
annealing temperature, except the film annealed at 500 C. The maximum absorption 
coefficient was observed for the film annealed at 700 C [47]. In general, it has been 
proposed that the reflectance behaviours of Mo-doped CrN coatings in the NIR region is 
governed by three factors: (i) coating thickness, (ii) the fundamental properties of coating’s 




























Figure 5. UV-Vis reflectance spectra of Mo:CrN sputtered films deposited onto 
silicon substrates as a function of wavelength before and after annealing.  
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The absorption edge of the film coated with Mo:CrN, annealed to 800 C reaches a 
reasonably long wavelength at 1500 nm with lower interference peak and absorption edge 
than the other spectrum for annealed and as-deposited Mo:CrN coatings. These reduce the 
absorption value of the film coating annealed at 800 C. The highest absorptance among the 
other four spectra is 86% for the film annealed at 700 C (see Table 2). The coating annealed 
at 700 C may be assumed to attain the optimum state because of its highest solar 
absorptance (86%) which is very encouraging comparing to the rest of the coating systems. 
Consequently, these coatings have a great potential of using as selective surfaces in solar 
energy collecting devices. We believe that the nano-grains grown during the high 
temperature annealing induces the formation of solid solutions (see the FESEM images). 
These solid solutions successfully provide with a favourable surface for incoming solar 
radiation to be absorbed via manifold reflections [50]. As such, this improves the solar 
absorption as a result of the interaction and relaxation mechanism in the absorber as well as 
multiple reflections and resonant scattering phenomena occurring around the pore/aggregate 






























































Photon energy, E (eV) 
Figure 6. Energy dependence of the absorption coefficient of sputtered Mo:CrN 




Table 2. Solar absorbance values of Mo:CrN coatings before and after annealing at 
different temperatures in air for 1 h. 
 







5.3.3.2 Optical Band-gap Analysis 
The energy band-gaps of the fabricated coatings were calculated via Tauc plots using the 
following relation [44, 52-55]. Tauc plots of (βhν)2 vs hν of Mo:CrN coatings are shown in 






























Figure 7. Tauc plots of (βhv)2 vs photon energy(hv) of Mo:CrN coatings before and 




Table 3. Energy band-gaps of Mo:CrN coatings before and after annealing at different 
temperatures. 








The energy band gap values of as-deposited and annealed coatings lie between 1.22 and 
2.48 eV. It was found that the energy band-gap values of Mo:CrN coatings systematically 
decreased with increasing annealing temperatures. This band-gap study is consistent with 
the lattice parameter values of these coatings. The lowest value of Eg was assigned to be 
1.14 eV for the films prepared at 700 C, and it increased to 1.22 eV as the annealing 
increased to 800 C. This could be related to the improvement of crystallite in the annealed 
coating compared to the as-deposited one. This decrease in the band-gap values is useful in 
enhancing the selective spectral absorption ability of Mo:CrN films. It is known that the 
spectral absorption of selective surfaces sturdily related to the existence of localized states 
in the vicinity of forbidden energy-gaps. The absorption curves provide us with the 
significant evidence on these localized states by indicating the existence of irregularities 
around the coating’s surface [56].        
 
5.3.3.3 Dielectric Characterizations 
Figs. 8 (a) and (b) show the real and imaginary parts of the dielectric constant of Mo:CrN 













Figure 8. (a) Refractive index, and (b) Extinction coefficient of Mo:CrN sputtered films 













































































It is observed that in the visible and UV regions, both the real and imaginary parts of the 
dielectric constant values increase with increasing annealing temperatures. This may be 
attributed to the increase of electron density in the Mo-doped CrN thin film coatings due to 
Mo doping. Additionally, the improvement in the crystallinity of these coatings due to the 
enhancement of annealing temperature could possibly decrease both the electron scattering 
and the density of grain boundaries in the coatings structures, hence the trapped electrons 
result in increasing the density of the free-electrons [57-59]. In general, the power loss factor 
mainly arises from inelastic scattering routes during the charge conduction and charge 
transmission procedures of a dielectric medium. From Eq. 6 and Fig. 8 it can be seen that, 
annealing will result in an increase in both the energy loss and the energy stored in the 
media, which in turn will cause an increase in the absorption within the media. This is 
consistent with the experimental results shown in Fig. 6. 
 
5.3.3.4 Urbach Energy and Steepness Parameters 
The spectral absorption coefficient, β strongly depends on the photon energy, ℎ𝜈 on the 
presence of localized states around the band gap. The relationship between β and ℎ𝜈 is 
known as Urbach empirical rule. According to Tauc's theory the density of these states fall 
off exponentially with the photon energy by the following relation [56, 60]: 
               𝛽 = 𝛽𝑜 𝑒𝑥𝑝 (
ℎ𝝂
𝐸𝑈
)                                               (5) 
              ln 𝛽 = ln 𝛽𝑜 + (
ℎ𝝂
𝐸𝑈
)                                        (6)                                      
where 𝛽𝑜 is a constant, ℎ𝜈 is the incident photon energy and EU is the Urbach energy. The 
behaviour of ln𝛽 as a function of photon energy near the absorption edge of Mo:CrN 
coatings before and after annealing is outlined in Fig. 9. The slope of the tangent straight 
lines leads to determine the Urbach energy, EU of CrMoN films. Fig. 10 illustrates the 
variations of Urbach energy of CrMoN before and after annealing, and the corresponding 






















From Fig. 10, it is observed that EU values are deliberately decreased with the increase in 
annealing temperatures. This is in accordance with the previous results reported by Rahman 
et al. and Xue et al. [56, 61]. The reduction of Urbach energy values is associated with a 
few factors: reduction of the localized density of states around the tails of the absorption 
edges, and increase in degree of crystallinity of these coatings, and coatings quality 
enhancements. Urbach band tail studies of these coatings is also found to be -consistent with 
the energy band-gap studies, where Eg values were also dwindled with the gradual rise 
annealing temperatures. 
 
According to Tauc's theory, absorption density of these states related exponentially with the 
photon energy by the following relation,  
              𝛽 = 𝛽𝑜𝑒𝑥𝑝 (
𝛾ℎ𝝂
𝐾𝐵𝑇
)                                              (7)  
where 𝛾 is a constant known as the steepness parameter. Combing Eqs. (8) and (10), the 

























            𝛾 =
𝐾𝐵𝑇
ℎ𝜈
                                              (8) 





Using above relation, the steepness parameters, 𝛾 of Mo:CrN coatings were estimated and 
tabulated in Table 4. From the steepness parameter plots, of Mo:CrN coatings, before and 
after annealing it could be observed that the steepness of the Urbach tails  behave in an 
opposite manner to the Urbach energy dependence of annealing temperatures. The steepness 
parameter of Mo:CrN coatings is gradually increased with the increase of annealing 
temperatures.  
Table 4. Urbach energy values and steepness parameters of Mo:CrN coatings before 







As-deposited 700 0.0367 
500 650 0.0395 
600 600 0.0428 
700 550 0.0467 
800 550 0.0514 
 
As a result, the degree of crystallinity of Mo:CrN coatings is enhanced. Steepness 
parameters are also found to be in consistent with other results such as energy band-gaps, 
and Urbach energy. Generally, the optical band structure and optical transition s are strongly 
affected by the width of the localized states around the band gaps of the coatings [56, 60]. 











































Figure 10. Annealing temperature dependence of (a) Urbach energy, and (b) steepness 




exponentially depends on hν and follow’s the Urbach law. Interactions between lattice 
vibrations and localized states in tail of the coatings band-gap have significant impacts on 
the optical properties of these coatings.   
 
5.3.4 Mechanical Characterizations of Mo:CrN Films: Nanoindentation and Finite 
Element Modeling 
5.3.4.1 Nanoindentation Results 
The indentation results of Young’s modulus E and hardness H are shown in Fig. 11 and Fig. 
12, respectively. The elastic modulus E varied within a narrow range of 275-290 GPa. No 
significant changes were identified for the Mo:CrN coatings before and after annealing up 













As such, annealing has less influence on the Yong’s modulus of the Mo:CrN samples, 
compared to that on the E value of the CrN sample which had a 22% drop after 800 C 
heat treatment [26]. Variation of the hardness H of Mo:CrN film with annealing 
temperature is within the range of 17.7 – 18.5 GPa, as indicated in Fig. 12, showing a ~4% 
decrease after annealing. This is compared to an 8% decrease for the CrN sample. This 
trend, i.e., both E and H will decrease after annealing, is consistent with previous studies 
for different samples [26, 62, 63].   
 
Figure 11. Elastic modulus plots for the Mo:CrN samples, as deposited, and annealed at 
500, 600, 700, and 800 °C, respectively. The CrN data from our previous work [27] is 


























5.3.4.2 Finite Element Modeling (FEM) 
In this work, Comsol Multiphysics software was used as the modeling tool to simulate the 
intensity and distribution of load induced stress within different coatings materials and 
configurations. Note that in the following sections the phase “load induced stress” is adapted 
in order to differentiate from “residual stress”, the former referring the stress gained during 
the spattering process, while the latter is induced by an artificial load during modelling 
process to evaluate the load carrying capability of the coating layer. A 2D axial symmetry 
model was constructed, with a spherical indenter (5 µm radius) at the top of Mo:CrN coating 
layers with different thicknesses. The objective is to evaluate the magnitude and distribution 
of the load induced stress within the film, as well as the influence of the film thickness and 
the type of substrate on the integrity of the film-substrate system. The coating layers with 
different thickness were modeled, and they were built on four different types of substrate: 
silica, silicon 100, silicon 110, and steel, which are the typical scenarios of real industrial 
applications. Further details of modeling, including geometry and meshing generation etc., 
have been given in our previous works [26, 30]. 
 
The elastic moduli obtained from our nanoindentation work were used for the coating layer. 
Parameters for films obtained from the nanoindentation results, as well as the parameters of 
Figure 12. Hardness plots for the Mo:CrN sputtered films as-deposited, and annealed 
at 500, 600, 700, and 800 °C, respectively. The CrN data from our previous work [27] 





substrate and the indenter, are given in Table 5. Note that the steel substrate is modelled as 
linear plasto-elastic material, with yield strength of 0.675 GPa, and an isotropic tangent 
modulus of 1.7 GPa   [30]. 
 
Frequently the load carrying capability of the films is assessed by the equivalent stress, or 
von Mises stress, labelled as σequiv. This is a measure of the “severity’ of the of load induced 
stress, or an assessment of the potential damage it could cause, and can be expressed by, 
𝜎𝑒𝑞𝑢𝑖𝑣 = {0.5 [(𝜎𝑥𝑥 − 𝜎𝑦𝑦)
2
+ (𝜎𝑦𝑦 − 𝜎𝑧𝑧)
2
+ (𝜎𝑧𝑧 − 𝜎𝑥𝑥)




   (9) 
where σxx, σyy, σzz, σxy, σyz, σzx are the corresponding stress tensor components, 
respectively. 
 









Steel 200 0.3 675 1.7 
Silicon (111) 200 0.25 - - 
Silica 80 0.25 - - 
Cr 200 0.3 700 1.7 
Indenter 
(diamond) 
1141 0.07 - - 
  
Frequently the load carrying capability of the films is assessed by the equivalent stress, or 
von Mises stress, labelled as σequiv. This is a measure of the “severity’ of the stress, or an 
assessment of the potential damage it could cause, and can be expressed by, 
𝜎𝑒𝑞𝑢𝑖𝑣 = {0.5 [(𝜎𝑥𝑥 − 𝜎𝑦𝑦)
2
+ (𝜎𝑦𝑦 − 𝜎𝑧𝑧)
2
+ (𝜎𝑧𝑧 − 𝜎𝑥𝑥)





            (16) 
where σxx, σyy, σzz, σxy, σyz, σzx are the corresponding stress tensor components, respectively.
 
 
Similar to our previous results on the CrN films [26], two primary high stress concentrations 
in the coating layer were identified, one is close to the indenter, and the other is at the 
interface between the coating and the substrate. With the increase in indentation depth, the 
stress maximum moves downwards towards the interface between the coating and the 
substrate (See Figs. 13 and 14). Furthermore, during this process the intensity of shear stress 
also increased. These may be considered as a   primary cause of lateral delamination and 
cracks [64].  
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Figure 13. FE modeling results of equivalent stress distribution in the as-deposited Mo:CrN film 
(1.2 μm) on silica substrate, at different indentation depth. (a) indentation depth 0.1 μm, (b) 
indentation depth 0.16 μm, (c) indentation depth 0.22 μm, and (d) indentation depth 0.28 μm. 
 
Figure 14. FE modeling results of equivalent stress distribution within 1.2 μm Mo:CrN film on 
silica substrate, at different indentation depth. The stress is plotted along the symmetrical axis 
which is the straight vertical line through the indenter-film contact point, and starting from the 




Fig. 15 shows a comparison of the maximum equivalent stress in the as-deposited and 
annealed Mo:CrN coatings. As expected, at the same indentation depth, higher stress levels 
will be induced within “harder” materials, or materials with a higher Young’s modulus. 
After samples are annealed, the modulus will normally decrease hence the stress level will 
also decrease. Compared to CrN films, less reduction in the stress level is seen in the 
Mo:CrN, due to the fact that, after annealing the decrease in the modulus within the latter is 
smaller. In this report the influence of the different substrate materials, as well as the film 
thickness, on the stress distributions within the film is also analysed through FEM modeling 
works. Figs. 16 and 17 show a comparison of stress distribution within the CrMoN film 
when it is deposited onto different substrate materials. From the results two important points 
could be noted. Firstly, softer substrate materials help alleviate the stress level within the 
films– at the same indentation depth lower stress levels are observed in the film on silica 
substrate, which has a small Young’s modulus. High stress levels are seen in the Si(100) 
and Si(110), which have higher Young’s moduli [65]. Secondly, within a film deposited 
onto a plasto-elastic substrate (such as most metals), stress tends to concentrate towards the 
interface between the film and the substrate, which has a detrimental effect on the integrity 

















The distributions of load induced stress in films with different thickness are shown in Figs. 
18 and 19. The loading depth d modelled here is 0.3 µm, and the thickness of the films, t, 
Figure 15.  The modeling results of maximum equivalent stress within the 1.2 μm Mo:CrN 
coating on silicon substrate, at an indentation depth of 0.12 μm, before and after annealing 




varies between 1 ~ 2 µm. So the ratio d/t % varies from 30% - 15%. Within a thin film of 
1.0 µm the highest stress, ~ 20 GPa, appear at the interface between the film and the 
substrate. With the increase of the film thickness the stress level decreases, and the 
maximum moves upwards away from the interface. For the 1.4 µm film, the maximum stress 
level reduced to ~ 15 GPa. Further increase of the film thickness will completely remove 
the stress concentration at the interface (Figs. 18 and 19). Stress concentration near the 
interface is the primary cause for the damage at the film-substrate interface, resulting in 
delamination, or lateral crack [30, 64]. Under the same loading, stress concentration tends 































Figure 16.  Finite element modeling results of quivalent stress distribution within 1.2 μm Mo:CrN 
films at an indentation depth of 0.12 μm.  (a) silica substrate, (b) silicon (100) substrate, (c) silicon 






























The distributions of load induced stress in films with different thickness are shown in Figs. 
18 and 19. The loading depth d modelled here is 0.3 µm, and the thickness of the films, t, 
varies between 1 ~ 2 µm. So the ratio d/t % varies from 30% - 15%. Within a thin film of 
1.0 µm the highest stress, ~ 20 GPa, appear at the interface between the film and the 
substrate. With the increase of the film thickness the stress level decreases, and the 
maximum moves upwards away from the interface. For the 1.4 µm film, the maximum stress 
level reduced to ~ 15 GPa. Further increase of the film thickness will completely remove 
the stress concentration at the interface (Figs. 18 and 19). Stress concentration near the 
interface is the primary cause for the damage at the film-substrate interface, resulting in 
delamination, or lateral crack [30, 64]. Under the same loading, stress concentration tends 
to move away from the interface, reducing the possibility of delamination. 
Figure 17. FE modeling results of equivalent stress distribution within 1.2 μm Mo:CrN 
film on different type of substrate. The stress is plotted along the symmetrical axis which 
is the straight vertical line through the indenter-film contact point, and starting from the 
surface of the film downwards: (a) silica substrate, (b) silicon (100) substrate, (c) silicon 






















As a short summary, the hardness and elastic modulus of the as-deposited Mo:CrN film 
were evaluated as 18.4 GPa and 287 GPa, respectively, from the indentation results (see 
Table 6). Annealing at a temperature below 600 C does not affect H and E, but 800 C 
annealing reduces both the H and E values by ~4%. Compared to those of CrN films, the 
mechanical properties of Mo:CrN films show better resistance to heat treatment [26]. Dongli 
Qi et al. [19] have reported that via nano-indentation measurements,  CrMoN film coatings 
hardness H and effective elastic modulus E* have increased gradually with the increasing 
of sputtering temperature Ts from 100 to 300 C. 
Figure 18. Modeling results of equivalent stress distribution within Mo:CrN coating of different 
thickness and on Si 100 substrate. The indenter depth is set to 0.3 µm: (a) 1.0 µm, (b) 1.2 µm, (c) 





















Table 6. Elastic modulus of the Mo:CrN films, derived from the indentation data [23]. 
 
Under the same loadings, the stress levels will be reduced after the films are annealed. Stress 
level and distribution will change when different type of substrate is used. Substrate with 
higher elastic modulus will induce higher level of stress within the coatings. Using metal 
substrate with plasto-elastic properties could increase the possibility of delamination under 
loading, due to heavy local deformation immediately underneath the interface between the 
film and the substrate. On the other hand, increasing the thickness of the film will reduce or 
even remove the stress concentration at the interface, which help reduce the possibility of 
delamination, and keep the integrity of the coating layer.  
 
5.4 Conclusions 
An investigation of the structural evolution, morphological studies, optical analysis, and 
mechanical properties of as-deposited and annealed Mo:CrN thin film coatings were 
conducted. Face-centered cubic CrN structure was established via XRD studies. A steady 
Annealing temperature (°C) Elastic modulus, E (GPa) Hardness, H (GPa) 
As-deposited 287 18.4 
500 287 18.4 
600 284 17.7 
700 288 17.7 
800 274 17.5 
Fig. 19.  FE modeling results of equivalent stress distribution within Mo:CrN films with different 
thickness and on silica substrate. The stress is plotted along the symmetrical axis from the surface of 




decrease in lattice constants was noticed, while there was gradual increase in crystallite sizes 
with the rise in annealing temperatures. UV-Vis analysis has established a good consistency 
between the spectral absorptance features, optical band-gaps, Urbach energy and steepness 
parameter results of these coatings both before and after annealing. Experimental results 
showed that as the annealing temperature increased up to 700 C, there were an increas in 
the solar absorptance, and a decrease in the optical band-gap in the Mo:CrN film. The 
nanoindentation studies shown that the film’s hardness, and the elastic modulus values also 
strongly depends on the microstructural features, grain modification, and compressive 
residual stress of these coatings. The inverse relationship between the films’ hardness and 
grain size of thin film materials were also confirmed. It is suggested that the formation of 
nanograins and amorphous phases after the heat treatment has governed thin film hardness 
and elastic modulus values. However, we were unable to achieve the super-hardness with 
these films. The amorphous layers generated at the grain boundaries, during the high 
temperature annealing, noticeably reduces the mechanical strength and physical hardness of 
Mo:CrN thin film coatings. The amorphous layers formed are basically believed to develop 
films stability by impeding the atomic distributions during the high temperature 
applications. Finite element modeling suggested that softer substrate materials help alleviate 
the stress level within the films– at the same indentation depth lower load induced stress 
levels are  observed in the film on a silica substrate. It is also believed that within a coating 
deposited onto a metal substrate, load induced stress tends to concentrate towards the 
interface between the coatings and the substrate.  
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Paper V: Understanding the Electronic Structural and Optical 
Properties of CrN and Mo:CrN Clusters: A DFT based First 
Principle Study 
Abstract 
CrN, one of the most investigated transition metal nitrides, is prominent for its wear, 
corrosion and oxidation resistance and many other superior properties. In the present study, 
we carried out density functional theory (DFT) analysis to probe the structural, electronic 
and optical properties of pristine and Mo-doped CrN structures in non-crystalline phases 
with different combinations by replacing one or two Cr and/or N atoms. Throughout the 
studies, it was found that the Cr4Mo2N2 structure to be chemically and energetically the 
most stable species among six clusters (Cr4N4, Cr3Mo2N3, Cr4Mo2N2, Cr3MoN4, Cr4MoN3, 
and Cr2Mo2N4). The DFT derived electronic structure predicts that the clusters Cr4MoN3 
and Cr3Mo2N3 possess magnetic susceptibility. The DFT based infrared (IR), Raman and 
ultraviolet-visible (UV-Vis) analyses indicated that the clusters formed by Cr4N4 and 
Cr4Mo2N2 are naturally stable and able to function as light harnessing materials to be used 
in solar selective surfaces.  
 
6.1 Introduction 
Over the years research interests on metal nitrides have received widespread  attention 
owing to a good combination of numerous properties such as large band-gap, corrosion-, 
erosion-, wear resistance, oxidation resistance, superior physical, chemical and thermal 
stability, and physical strength [1-14]. Due to these properties, they have secured 
applications in many technological devices such as, non-volatile storage devices [8-10], 
superhard coatings [15-17], microelectronic devices [13], electronic and photonic devices 
[4, 5, 14], high-temperature structural materials [18], anti-reflective coatings [19-22], solar 
absorbing and solar selective surfaces [23, 24], and optical storage devices [3]. 
Investigations on refinement of their properties and researching new materials with superior 
properties are always the key focus [25]. For example, the introduction of an appropriate 
dopant can successfully enhance the properties by inducing defects such as vacancy, atom 
substitution, and cluster formation and deformation [7]. Carbon doping on CrAlN matrix 
was carried out to realize the dopant’s effect on electromagnetic properties [7]. It was shown 
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that C-doped dispersed CrAlN clusters demonstrate higher resistivity at low frequency. 
However, too much carbon doping enhances disorderly characteristics which in turn  
reduces the magnetic coupling [7].  
 
Structural, optical and electrical properties of Mn- and Cr-doped GaN diluted magnetic 
semiconductors are widely investigated due to their potential applications in electronic and 
spin-dependent photonic devices [4, 6, 14]. The electronic structure of AlN, CrN and Cr-
doped AlN matrices were studied via XPS and soft X-ray emission spectroscopy at the near 
K-edge and results were compared with that of density function models [2]. Due to large 
band-gap (6.2 eV), high acoustic velocity, and higher thermal and physical toughness, AlN 
is used in the semiconductor industry as high-temperature optoelectronic devices [2]. Due 
to their improved functional and mechanical properties such as superelasticity and shape 
memory effects, Ti-Ni materials are widely used in the design of instruments, aerospace 
technologies and medical science [26-28]. Numerous reported findings exhibited the 
correlation between the electronic structure and phase stability of metal nitride-based 
materials [29-32]. It has been established that Al-doped CrN presents better mechanical and 
oxidation resistance performances at higher temperatures in comparison with the 
conventional binary CrN matrix [33].   
 
Among various metal nitride complexes, CrN has emerged as a very potent material for 
protective and wear-resistant materials due to its distinguished hardness, higher melting 
point and wide applicability in various industries [34, 35]. Thus, research focus, both 
theoretically and experimentally, is given to CrN systems to investigate their different 
properties and stability [36, 37]. Wear resistance for compressive stress and oxidation 
resistance behaviour at high temperature exposure of CrN coatings were experimentally 
established by research groups led by Navinsek and Mayrhofer [38, 39]. Theoretical 
investigations of the CrN system, by using a modified local spin-density approximation 
(LSDA+U) method has been well-known as a Mott insulator [40]. Brik and co-researchers 
[41] provided an explanation on the hardness of a series of transition metal nitrides (TMNs, 
where TM=Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Mo, W) by generalized gradient approximation 
(GGA) theory. They also investigated the electronic structures of various TMNs. In a 
theoretical study, Zhou and co-researchers [42] elucidated the alloying effects on various 
TM (TM = Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Mo, W) within the CrN system by using the density 
functional theory (DFT) and they predicted that alloying with V, Nb, Ta, Mo, and W can 
improve the ductility of the CrN matrix. In another report, the same group presented the 
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thermodynamic and structural stability of the CrN system by using modified density 
functional theory (DFT + U) [37]. More recently, they also explored the structural and 
mechanical properties of Cr-Mo-N and Cr-W-N both theoretically and experimentally, Mo 
and W were used to replace Cr and N atoms in the CrN matrix [43]. First principle and 
experimental studies on structural, microstructural, electronic, interface, thermodynamic, 
and magnetic properties of various types of nitride based materials have been reported 
elsewhere [44-47]. 
 
In recent years, MoCrN complexes are being as potential substitutes for CrN as they tend to 
exhibit structural evolution and superior hardness within the range of 28–31 GPa due to the 
Cr-doping [48]. Klimashin and co-researchers performed theoretical and experimental 
analysis on MoCrN and MoCrAlN matrices and found their mechanical hardness to be more 
pronounced than that of CrN matrix [48, 49]. It is evidently seen that chromium can enhance 
the properties of MoN and subsequently molybdenum is also able to enhance the properties 
of CrN. It was indicated that the intensive theoretical calculations on CrN or/and CrMoN 
systems in crystal phases have been previously reported. However, to our knowledge, the 
effect of Mo-doped CrN system in a non-crystalline phase has yet to be studied. In view of 
this, we have therefore carried out structural, electronic, and optical properties of CrN phase 
and different Mo:CrN complexes in a non-crystalline phase using DFT. We have found that, 
in general, the addition of Mo in CrN increases its electrical conductivity by lowering the 
energy gaps while Mo:CrN complexes are chemically more favourable than the pristine CrN 
system. From Infrared (IR) spectra analysis, it was seen that apart from CrN cluster, at least 
two Mo:CrN clusters are more likely to be formed naturally. The overall analysis was 
conducted via structural optimization of the clusters through density of states (DOS) studies, 
IR analysis, Raman analysis, and ultraviolet-visible (UV-Vis) spectra simulations for CrN 
and Mo:CrN phases.  
 
6.2 Computational Details 
 
Initially, we considered a simple CrN cluster of eight atoms (4 Cr and 4 N atoms) to form a 
Cr4N4 structure. Subsequently, the Cr and/or N atoms were replaced from the Cr4N4 cluster 
with the Mo atoms to form five different clusters, namely, Cr3Mo2N3, Cr4Mo2N2, Cr2Mo2N4, 
Cr4MoN3, and Cr3MoN4. The maximum force and RMS force threshold were set to 
0.000450 a.u and 0.000300 a.u. for convergence. The minimum energy was determined 
corresponding to the value of the force upon which the convergence occurred. All these 
clusters were geometrically optimized via DFT integrated with the B3LYP hybrid 
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functional using LANL2DZ basis sets [50]. The IR and Raman simulations of the clusters 
were performed with same level of theory along with the imaginary frequencies. If 
imaginary frequencies are present in a vibrational spectra of a cluster, it is very unlikelihood 
of finding this structure in a stable form in the nature [51]. Gaussian 09 program was used 
to conduct the DFT based simulations [52].  
 
Chemical potential (µ) of the clusters was calculated using the following relation [53], 
   𝜇 =  −
(𝐸𝐻𝑜𝑚𝑜+𝐸𝐿𝑢𝑚𝑜)
2
       (1) 
where, EHomo and ELumo indicate the energy associated with the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The energy gap 
between HOMO and LUMO known as band-gap (Eg) is related to the electrical conductivity 
and is defined by the following equation [53], 
   𝐸𝑔 = 𝐸𝐿𝑢𝑚𝑜 − 𝐸𝐻𝑜𝑚𝑜       (2) 
 
Chemical hardness (η) and softness (S) are derived from Koopman’s theorem and are 
defined by the subsequent equations [54, 55], 
    𝜂 =  
(𝐸𝐿𝑢𝑚𝑜−𝐸𝐻𝑜𝑚𝑜)
2
      (3) 
    𝑠 =  
1
2𝜂
        (4) 
The concept of electrophilicity introduced by Parr et al. is defined as [54],  
    𝜔 = 
𝜇2
2𝜂
       (5) 
Dipole moments arise in molecules if the electrons of the molecules are distributed in a non-
uniform way inside the molecule. It occurs due to the difference of electronegativity of the 
atoms within the molecule. Mulliken charge analysis were automatically done by the 
Gaussian 09 program during the geometry optimization operation. The optical properties of 
the clusters were investigated using the ultraviolet-visible (UV-Vis) spectra analysis with 
time dependent DFT (TD-DFT) using B3LYP hybrid potential and LANL2DZ basis set 
[51]. The UV-Vis spectra of molecular systems are graphical descriptions of their behaviour 
under the influence of ultraviolet through visible to near infrared solar spectra. These spectra 
also provide a theoretical approximation about the optical band gap of the molecules or 
clusters. Using the optimized molecular geometries of considered clusters, the fundamental 
vibrational wave numbers along with their corresponding infra-red (IR) intensities, and 
Raman activities of these clusters were computed at the B3LYP/ LANL2DZ basis sets using 
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the Gaussian 09 program package. The unscaled B3LYP/LANL2DZ vibrational frequencies 
are, normally, slightly larger than the experimental standards.  
6.3 Results and Discussion 
 
6.3.1 Structural simulations 
Figure 1 illustrates the Mulliken charge distribution of the Cr4N4 cluster and other five 
clusters formed from the Mo-doped CrN system. From the Mulliken charge distribution of 
Cr4N4 cluster, it is seen that Cr atoms act as electron donors (positively charged) and N 
atoms act as electron acceptors (negatively charged). This occurs mainly due to the higher 
electronegativity of N (3.04) compared to Cr (1.66) and remains unchanged in other clusters. 
As a result, nitrogen atoms attract electrons from chromium atoms. However, the 
electronegativity of Mo (2.16) is in between Cr and N and thereby in Cr3MoN4, Cr2Mo2N4 
and Cr4Mo2N2, Mo atoms have a net positive charge as the electrons are drawn away by the 
neighbouring nitrogen atoms. However, in Cr4MoN3 and Cr3Mo2N3, one Mo atom has a net 
negative charge due to the excess electrons that are drained from neighbouring chromium 
atoms due to its lower electronegativity. The atomic distances of the Cr-Cr, Cr-N, Cr-Mo, 
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Figure 1. Mulliken charge distribution of: (a) Cr4N4, (b) Cr3Mo2N3, (c) Cr4Mo2N2, (d) Cr2Mo2N4, 




Table 1. Atomic distances of CrN and Mo:CrN clusters. 
System Cr-Cr (Å) Cr-N (Å) Cr-Mo (Å) N-Mo (Å) Mo-Mo (Å) 
Cr4N4 2.52 1.86 - - - 
Cr3Mo2N3 2.82 1.95 2.64 1.89 2.40 
Cr4Mo2N2 2.70 1.86 2.45 3.07 2.67 
Cr2Mo2N4 2.47 1.95 2.56 1.98 2.66 
Cr4MoN3 2.77 1.85 2.65 3.23 - 
Cr3MoN4 2.50 1.88 2.59 1.96 - 
 
Dipole moment, a measure of polarity and symmetry of charge distribution [56] of the 
clusters are listed in Table 2. In the cluster of Cr4N4, the charge distribution is completely 
symmetrical and hence it possesses no dipole moment since the other clusters possess an 
uneven charge distribution and own net dipole moment. Thus, we conclude that the 
introduction of Mo in CrN system increases its polarity as all the Mo:CrN clusters have non-
zero dipole moments (Table 2). The zero point energies (ZPE) of these six metal nitride 
clusters are also tabulated in Table 2. From Table 2, it is seen that the Cr2Mo2N4 cluster has 
the highest ZPE of -526.5 Hartree while Cr4Mo2N2 has the lowest ZPE of -589.5 Hartree 
which suggest that the replacement of nitrogen atoms by molybdenum atoms results to drop 
the ZPE of these clusters. The reverse phenomenon occurs when chromium atoms are 
substituted by molybdenum atoms. The Cr4N4, Cr4Mo2N2 and Cr3MoN4 clusters do not 
possess any imaginary frequencies in their IR spectra indicating that these clusters have a 
probability of forming naturally in a stable form [57]. On the other hand, the three rest 
clusters have at least one imaginary frequency in their IR spectra, thus, it is very unlikely 
that these clusters can naturally exist in a stable ailment. The strongest IR peak of Cr4N4 at 
481 cm-1 (see Fig. 2) is believed to be due to the vibration of bending mode of nitrogen 
atoms around the chromium atoms. Though the frequency of absorption varies from one 
cluster to another, it basically depends on the position and composition of molybdenum 





Table 2. Zero point energy (ZPE), dipole moment and number of imaginary 
frequency of the Cr4N4 and Mo:CrN clusters as calculated using DFT.  
System 
Zero point energy 
ZPE 
(Hartree) 
Dipole moment µD 
(Debye) 
Number of imaginary frequency 
Ni 
Cr4N4 -564.0 0 0 
Cr3Mo2N3 -558.2 1.61 1 
Cr4Mo2N2 -589.5 3.39 0 
Cr2Mo2N4 -526.5 0.54 3 
Cr4MoN3 -576.9 0.68 2 


































Figure 2. Infrared (IR) spectra of: (a) Cr4N4, (b) Cr3Mo2N3, (c) Cr4Mo2N2, (d) Cr2Mo2N4, 




The simulated Raman spectra of the Cr4N4 and five Mo:CrN clusters are displayed in Figure 
3. Similar to IR studies, the Raman spectra also provided with similar but complementary 
information about vibrational modes of a system [58]. The frequencies 292 cm-1, 392 cm-1, 
684 cm-1, and 730 cm-1  in Cr4N4 are most likely to be Fermi resonance pairs [58]. This is 
because these pairs are present in almost equal separation as assigned in Cr4N4 cluster, 
although other overtones and combinational bands are present [59]. Other vibrational modes 
of the clusters above 1600 cm-1 may also exist. However, these calculations were not taken 









Figure 3. Raman spectra of: (a) Cr4N4, (b) Cr3Mo2N3, (c) Cr4Mo2N2, (d) Cr2Mo2N4, (e) 




6.3.2 Electronic Properties  
HOMO and LUMO of the Cr4N4 and five Mo:CrN clusters were calculated by using the 
DOS spectra obtained from DFT analysis (see Figure 4). DOS spectra show the graphical 
representations of the occupied and unoccupied molecular orbitals (MO) of these clusters. 
The green bars and red bars indicate the occupied and unoccupied MOs of the clusters, 
respectively. DOS spectra facilitate estimation of the energy band-gap values, Eg in a 
graphical manner which are quantitatively discussed in the subsequent section. 
HOMO/LUMO gap is generally known as the energy band-gap, Eg. The energy band-gap, 
Eg of the Cr4N4 cluster is found to be 2.61 eV (see Table 3). This result is in good agreement 
with that of the experimental studies [60]. The energy band-gap values of the rest of the 
clusters except Cr4Mo2N2 (Eg = 2.72 eV) decreased. This reveals that the Cr4Mo2N2 cluster 
is the most stable among these six clusters which is in congruous with the results obtained 
from ZPE [61]. For Cr3Mo2N3, Cr2Mo2N4, Cr4MoN3 and Cr3MoN4, the Eg values estimated 
are: 1.99 eV, 1.94 eV, 1.62 eV and 1.99 eV respectively. Thus, these four clusters are less 
stable than Cr4N4 but are more conductive; they may be used in solar energy harvesting 
devices as solar selective surfaces. Furthermore, DOS spectra analysis of Cr3Mo2N3 and 
Cr4MoN3 clusters indicated their magnetic susceptibility as their MOs are split into alpha 
and beta MOs which may also be used in spintronic devices [62].  
 
Chemical potential (µ), a measure of chemical stability of the clusters [63], was estimated 
using DFT analysis for the Cr4N4 and five Mo:CrN clusters are presented in Table 3. From 
the chemical potential data, we see that except for Cr4Mo2N2 cluster (Eg = 2.72 eV), the rest 
of the clusters have nearly equal chemical potential ranges from 3.53 to -3.94 eV. This 
suggests that the Cr4Mo2N2 cluster is chemically the most stable while the other clusters 
exhibit similar chemical stabilities. 
 
The electrophilicity, ω having vacant orbitals that are attracted to an electron rich region, of 
Cr4N4 and five other clusters was also calculated via DFT analysis and delineated in Table 
3. For the Cr4N4 cluster, the calculated value of ω was found to be 5.95 eV. For all clusters 
except Cr4Mo2N2, the values of ω significantly increased compared to that of Cr4N4 cluster.  
An increase in ω implies the increase of its chemical reactivity and vice versa [54]. Thus, 
we summarize that the Cr4Mo2N2 cluster is the least chemically reactive among the six 



















































































































Figure 4. Density of state (DOS) spectra of: (a) Cr4N4, (b) Cr3Mo2N3, (c) Cr4Mo2N2, (d) Cr2Mo2N4, 




Table 3. HOMO and LUMO energies, HOMO-LUMO gap, chemical hardness, softness, 

























Cr4N4 -5.25 -2.64 2.61 1.30 0.65 5.95 3.94 
Cr3Mo2N3 -4.52 -2.53 1.99 0.99 0.50 6.26 3.53 
Cr4Mo2N2 -3.91 -1.19 2.72 1.36 0.37 2.39 2.55 
Cr2Mo2N4 -4.70 -2.76 1.94 0.97 0.51 7.17 3.73 
Cr4MoN3 -4.68 -3.06 1.62 0.81 0.62 9.22 3.87 
Cr3MoN4 -4.65 -2.66 1.99 0.99 0.50 6.72 3.66 
 
The chemical hardness and the chemical softness of Cr4N4 and five other clusters calculated 
via DFT analysis are presented in Table 3. These two key parameters of a material carry the 
same information in the reciprocate nature i.e., they are reciprocal to each other. An increase 
of chemical hardness of a material results in the increase of its chemical stability and 
conductivity [55]. As seen from Table 3, the Cr4N4 cluster has a chemical hardness of 1.30 
eV. It is clearly found that the chemical hardness values of rest of the clusters except 
Cr4Mo2N2 (η = 1.36 eV) cluster were monotonically decreased. A similar trend was 
recorded for the chemical softness values of all these structures. Consequently, this 
designates that the Cr4Mo2N2 cluster chemically achieves the most stable form while the 
other five structures possess comparable chemical stabilities. The findings on the chemical 
hardness and softness of these clusters were found to be consistent with energy band-gap, 
chemical potential, and electrophilicity findings as discussed in the aforementioned 
sections.   
 
6.3.3 Optical Properties 
The UV-Vis spectrum simulations, of Cr4N4 and five Mo:CrN clusters such as Cr3Mo2N3, 
Cr4Mo2N2, Cr2Mo2N4, Cr4MoN3, Cr3MoN4, in the wavelength range of 190 to 2500 nm 
performed via DFT analysis are presented in Figure 5. These UV-Vis spectra of molecular 
systems afford us with the graphical descriptions of their behaviour under the influence of 




















































































Figure 5. Ultraviolet-visible (UV-Vis) spectra of: (a) Cr4N4, (b) Cr3Mo2N3, (c) Cr4Mo2N2, (d) 




solar spectrum. A broad and intense peak for the Cr4N4 cluster was assigned at 510 – 900 
nm, and a similar peak was also observed for Cr4Mo2N2 cluster around 480 – 1000 nm. This 
is consistent with our previous simulations and analyses. As these two structures have the 
largest energy band-gap values, highest chemical potentials, highest chemical hardness, and 
highest values for the electrophilicity. From these studies, we realize that these two clusters 
can absorb a large amount of electromagnetic radiation of the visible range and can be 
potentially used in solar energy harvesting devices as the solar absorber material [64]. 
However, the other four clusters do not exhibit much tendency to absorb electromagnetic 
radiation in the ultraviolet and visible range of the solar spectrum. They absorb energy in 
near the infrared range from 1200 nm and above. This absorption behaviour in the near 
infrared range of the solar spectrum suggests that they may have potential applications in 
telecommunication devices.   
 
6.4 Conclusions 
In this work, we have systematically studied the CrN and Mo:CrN clusters in a non-
crystalline phase using DFT. From the investigations of structural and electronic properties 
of the clusters, we have seen that the Cr4Mo2N2 cluster is the most stable physically and 
chemically. The clusters Cr3Mo2N3, Cr2Mo2N4, Cr4MoN3 and Cr3MoN4 are comparatively 
less stable but more conductive than Cr4N4 cluster. DOS analysis shows that Cr3Mo2N3 and 
Cr4MoN3 have magnetic susceptibilities due to their odd number of electrons and 
unbalanced spins. Furthermore, due to the unbalanced spins, the molecular orbitals are split 
into alpha and beta orbitals depending on the spin orientations and have a net magnetic 
susceptibility. Thus, these materials might have great potentials to be used in spintronic 
devices. The IR analysis confirmed that the Cr4N4, Cr4Mo2N2 and Cr3MoN4 clusters have a 
possibility to form naturally. From the UV-Vis analysis, it is revealed that Cr4N4 and 
Cr4Mo2N2 clusters are smart candidates that are capable of absorbing large amount of visible 
radiation and thereby can be used in solar energy collecting devices as the solar selective 
surface. However, Cr3Mo2N3, Cr2Mo2N4, Cr4MoN3 and Cr3MoN4 clusters tend to absorb 
solar radiation in the near infrared range and could be used in telecommunication purposes.  
References 
[1] J.L. Endrino, S. Palacín, A. Gutiérrez, F. Schäffers, J.E. Krzanowski, , Journal of 
Materials Science, 42 (2007) 7607-7610. 
[2] B.J. Arnold, S. Krishnamurthy, B. Kennedy, D. Cockburn, D. McNally, J.G. Lunney, R. 
Gunning, M. Venkatesan, J. Alaria, J. Michael, D. Coey, C. McGuinnessy, J.H. Guo, , e-
Journal of Surface Science and Nanotechnology, 7 (2009) 497-502. 
 
183 
[3] H. Morkoc, S. Strite, G.S. Gao, M.E. Lin, B. Sverdlov, M. Burns, M.L. Reed, N.A. El-
Masry, H.H. Stadelmaier, M.K. Ritums, M.J. Reed, C.A. Parker, J.C. Roberts, S.M. Bedair, 
J. Appl. Phys, 73 (1994) 3473-3475. 
[4] M.L. Reed, N.A. El-Masry, H.H. Stadelmaier, M.K. Ritums, M.J. Reed, C.A. Parker, 
J.C. Roberts, S.M. Bedair, Applied Physics Letters, 79 (2001) 3473-3475. 
[5] M.S. Kim, Y.K. Zhou, M. Funakoshi, S. Emura, S. Hasegawa, H. Asahi, S. Kimura, S. 
Emura, K. Tokuda, Y.K. Zhou, S. Hasegawa, H. Asahi, Appl. Phys. Lett, 89 (2006) 232511-
232048. 
[6] S. Kimura, S. Emura, K. Tokuda, Y.K. Zhou, S. Hasegawa, H. Asahi, Journal of Crystal 
Growth, 311 (2009) 2046-2048. 
[7] F. Zeng, C. Chen, B. Fan, Y.C. Yang, P.Y. Yang, J.T. Luo, F. Pan, W.S. Yan, Journal 
of Alloys and Compounds, 509 (2011) 440-446. 
[8] A. Mycielski, L. Kowalczyk, R.R. Gałazka, R. Sobolewski, D. Wang, A. Burger, M. 
Sowińska, M. Groza, P. Siffert, A. Szadkowski, B. Witkowska, W. Kaliszek, Journal of 
Alloys and Compounds, 423 (2006) 163-168. 
[9] F. Pan, C. Song, X.J. Liu, Y.C. Yang, F. Zeng, Materials Science and Engineering R: 
Reports, 62 (2008) 1-35. 
[10] Y.C. Yang, F. Pan, Q. Liu, M. Liu, F. Zeng, Nano Letters, 9 (2009) 1636-1643. 
[11] P. Zeman, J. Musil, Applied Surface Science, 252 (2006) 8319-8325. 
[12] J.H. Edgar, Properties of Group III Nitrides, INSPEC, Exeter, UK, 1994. 
[13] B.D. Beake, V.M. Vishnyakov, R. Valizadeh, J.S. Colligon, Journal of Physics D: 
Applied Physics, 39 (2006) 1392-1397. 
[14] M. Hashimoto, Y.-K. Zhou, M. Kanamura, H. Asahi, Solid State Communications, 122 
(2002) 37-39. 
[15] M. Mahbubur Rahman, A. Duan, Z.-T. Jiang, Z. Xie, A. Wu, A. Amri, B. Cowie, C.-
Y. Yin, Journal of Alloys and Compounds, 578 (2013) 362-368. 
[16] M.M. Rahman, Z.-T. Jiang, X. Duan, Z. Xie, A. Tadich, Z.-f. Zhou, N. Mondinos, C.-
Y. Yin, M. Altarawneh, B.Z. Dlugogorski, Journal of Alloys and Compounds, 661 (2016) 
268-273. 
[17] M.M. Rahman, Z.-T. Jiang, Z. Xie, X. Duan, Z.-f. Zhou, P.C. Wo, C.-Y. Yin, N. 
Mondinos, Q. Gu, H. Widjaja, K. Jack, A. Yago, A. Amri, The Journal of Physical 
Chemistry C, 118 (2014) 18573-18579. 
[18] G. Petzow, M. Herrmann, Silicon Nitride Ceramics, in: M. Jansen (Ed.) High 
Performance Non-Oxide Ceramics II, Springer Berlin Heidelberg2002, pp. 47-167. 
 
184 
[19] D. Barbier, X. Orignac, X.M. Du, R.M. Almeida, X. Orignac, D. Barbier, X.M. Du, 
R.M. Almeida, Proc. of Topical Symp. VII on Advanced Materials in Optics, Electro-Optics 
and Communication Technologies, 69 (1995) 33-897. 
[20] X. Orignac, D. Barbier, X.M. Du, R.M. Almeida, Applied Physics Letters, 69 (1996) 
895-897. 
[21] R.M. Almeida, X. Orignac, D. Barbier, Journal of Sol-Gel Science and Technology, 2 
(1994) 465-467. 
[22] Y. Sorek, R. Reisfeld, I. Finkelstein, S. Ruschin, Applied Physics Letters, 63 (1993) 
3256-3258. 
[23] M.M. Rahman, Z.-T. Jiang, P. Munroe, L.S. Chuah, Z.-f. Zhou, Z. Xie, C.Y. Yin, K. 
Ibrahim, A. Amri, H. Kabir, M.M. Haque, N. Mondinos, M. Altarawneh, B.Z. Dlugogorski, 
RSC Advances, 6 (2016) 36373-36383. 
[24] M.M. Rahman, Z.-T. Jiang, Z.-f. Zhou, Z. Xie, C.Y. Yin, H. Kabir, M.M. Haque, A. 
Amri, N. Mondinos, M. Altarawneh, Journal of Alloys and Compounds, 671 (2016) 254-
266. 
[25] P. Dev, Y. Xue, P. Zhang, M. Hirai, Y. Ueno, T. Suzuki, W. Jiang, C. Grigoriu, K. 
Yatsui, Phys. Rev. Lett., 100 (2008) 1052-1055. 
[26] K. Otsuka, C. Wayman, K. Otsuka, C. Wayman, Shape Memory Materials, Cambridge 
University Press, Cambridge, UK, 1998. 
[27] K. Otsuka, X. Ren, Progress in Materials Science, 50 (2005) 511-678.  
[28] V.G. Pushin, A.I. Lotkov, Y.R. Kolobov, R.Z. Valiev, E.F. Dudarev, N.N. Kuranova, 
A.P. Dyupin, D.V. Gunderov, G.P. Bakach, Phys. Metals Metallogr., 106 (2008) 520-530. 
[29] S. Shabalovskaya, A. Narmonev, O. Ivanova, A. Dementjev, Physical Review B, 48 
(1993) 13296-13311. 
[30] G.L. Zhao, T.C. Leung, B.N. Harmon, M. Keil, M. Müllner, W. Weber, Physical 
Review B, 40 (1989) 7999-8001. 
[31] N. Hatcher, O.Y. Kontsevoi, A.J. Freeman, Physical Review B, 79 (2009) 020202. 
[32] J. Cai, D.S. Wang, S.J. Liu, S.Q. Duan, B.K. Ma, Physical Review B - Condensed 
Matter and Materials Physics, 60 (1999) 15691-15698. 
[33] R. Sanjinés, O. Banakh, C. Rojas, P.E. Schmid, F. Lévy, Thin Solid Films, 420-421 
(2002) 312-317. 
[34] L. Cunha, M. Andritschky, K. Pischow, Z. Wang, Thin Solid Films, 355-356 (1999) 
465-471. 
[35] C. Nouveau, M.A. Djouadi, O. Banakh, R. Sanjinés, F. Lévy, Thin Solid Films, 398-
399 (2001) 490-495. 
 
185 
[36] G. Berg, C. Friedrich, E. Broszeit, C. Berger, Surface and Coatings Technology, 86-87 
(1996) 184-191. 
[37] L. Zhou, F. Körmann, D. Holec, M. Bartosik, B. Grabowski, J. Neugebauer, P.H. 
Mayrhofer, Physical Review B, 90 (2014) 184102. 
[38] P.H. Mayrhofer, H. Willmann, C. Mitterer, Surface and Coatings Technology, 146-147 
(2001) 222-228. 
[39] B. Navinšek, P. Panjan, I. Milošev, Surface and Coatings Technology, 97 (1997) 182-
191. 
[40] A. Herwadkar, W.R.L. Lambrecht, Physical Review B, 79 (2009) 035125. 
[41] M.G. Brik, C.G. Ma, Computational Materials Science, 51 (2012) 380-388. 
[42] L. Zhou, D. Holec, P.H. Mayrhofer, Journal of Physics D: Applied Physics, 46 (2013) 
365301. 
[43] L. Zhou, F.F. Klimashin, D. Holec, P.H. Mayrhofer, Scripta Materialia, 123 (2016) 34-
37. 
[44] C.-M. Shi, T.-G. Wang, Z.-L. Pei, J. Gong, C. Sun, Journal of Materials Science & 
Technology, 30 (2014) 1193-1201. 
[45] J.C.M. Sung, B.R. Wu, S.L. Lee, M.F. Tai, Materials Chemistry and Physics, 72 (2001) 
136-140. 
[46] T. Guo, G. Xu, S. Tan, N. Liu, J. Zhang, X. Zeng, J. Liang, Materials Research Bulletin, 
95 (2017) 354-360. 
[47] S.A. Khan, S. Azam, Materials Research Bulletin, 70 (2015) 436-441. 
[48] F.F. Klimashin, H. Riedl, D. Primetzhofer, J. Paulitsch, P.H. Mayrhofer, Journal of 
Applied Physics, 118 (2015) 025305. 
[49] F.F. Klimashin, P.H. Mayrhofer, Scripta Materialia, 140 (2017) 27-30. 
[50] A.D. Becke, The Journal of Chemical Physics, 98 (1993) 1372-1377. 
[51] E. Runge, E.K.U. Gross, Physical Review Letters, 52 (1984) 997-1000. 
[52] M.J. Frisch et al., Gaussian 09, Revision D.01, in: I. Gaussian (Ed.), Wallingford, CT, 
USA, 2009. 
[53] A.S. Rad, S.S. Shabestari, S.A. Jafari, M.R. Zardoost, A. Mirabi, Molecular Physics, 
114 (2016) 1756-1762. 
[54] R.G. Parr, L.v. Szentpály, S. Liu, Journal of the American Chemical Society, 121 
(1999) 1922-1924. 
[55] R.G. Pearson, Journal of Chemical Sciences, 117 (2005) 369–377. 
[56] P. Atkins', J.D. Paula, Physical Chemistry, Oxford University Press, Oxford, UK, 2014. 
 
186 
[57] P. Souvatzis, O. Eriksson, M.I. Katsnelson, S.P. Rudin, Physical Review Letters, 100 
(2008) 095901. 
[58] K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination Compounds: 
Part B: Applications in Coordination, Organometallic, and Bioinorganic Chemistry, John 
Wiley & Sons, Inc.,, Hoboken, New Jersey, USA, 2009. 
[59] J. Clarkson, W. Ewen Smith, Journal of Molecular Structure, 655 (2003) 413-422. 
[60] Khalil Ibrahim, M Mahbubur Rahman, Hatem Taha, Z. Ehsan Mohammadpour, hifeng 
Zhou, Chun-Yang Yin, Aleksandar Nikoloski, Z.-T. Jiang, Applied Surface Science, 440 
(2018) 1001-1010. 
[61] A.S. Rad, N. Nasimi, M. Jafari, D.S. Shabestari, E. Gerami, Sensors and Actuators B: 
Chemical, 220 (2015) 641-651. 
[62] A.K. Srivastava, N. Misra, Computational and Theoretical Chemistry, 1047 (2014) 1-
5. 
[63] R.G. Pearson, Inorganic Chemistry, 27 (1988) 734-740. 








In this study, we have considered spectral selective behaviours, mechanical characteristics 
of novel Mo, CrN and Mo-doped CrN thin film coatings in crystalline and noncrystalline 
phases in order to find their potential applications as solar selective surfaces, and 
mechanical and industrial purposes such as cutting tools, in dry cutting, bearing spindles, 
metal forming, stamping dies, other mechanical machineries along with automotive and 
aerospace applications. The structural, morphological, optical, surface chemical 
composition, and mechanical properties of these materials were investigated via XRD, 
FESEM, XPS and EDX, UV-Vis and FTIR, and  nanoindentation, finite element modeling 
(FEM), and density function theory (DFT) analysis techniques.  
 
XRD studies of Mo, CrN and Mo:CrN sputtered thin film coatings showed that Mo-doping 
into the CrN phase leads to the formation of Mo2N, CrMoNx, and Cr2N solid solution 
phases together with a significant enhancement of their degree of crystallinity. The Mo 
coating showed a uniform, fine, smooth, dense and compact surface structure which 
appeared to different from those of the CrN and Mo:CrN phases. Moreover, the grain sizes 
of Mo coatings were also relatively smaller than the other two coatings. Uniform larger 
grains and loose structures in CrN, and Mo:CrN coatings were believed to be caused by a 
non-reactive nucleation process. Additionally, the morphological features of Mo:CrN 
system was more refined edged and slightly increased in comparison to n the other two 
phases. Consequently, it is assumed that the Mo atoms were diffused around the CrN 
structure during the synthesis processes, and the stimulated grain growth eventually acted 
as the nucleation site for lattice distortions. Even though the CrN coatings demonstrated 
the highest solar absorptance of 62% in the visible range of the solar spectrum, the highest 
solar selectivity value of 9.6 was attained by the Mo:CrN structure. But due to the higher 
solar absorptance of the CrN phase in the UV-Vis range, superior values of other optical 
parameters e.g., the refractive index, extinction coefficient, and dielectric functions were 
also achieved by the CrN phase. 
 
In the next step of our studies, the exploration stage, an extensive understanding of the 
structural evolution, optical parameters, dielectric function, and mechanical studies and 
finite element modeling magnetron sputtered CrN coatings was attempted in as-deposited 
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and various annealed states. The face-centered-cubic CrN(111) phase with  space group: 
Fm-3m was confirmed via XRD studies. The degree of crystallinity of the CrN phase was 
gradually increased, preferred orientations along (111) and (200) reflection planes and 
some peak sharpening was observed, with the subsequent rise in annealing temperatures. 
The existence of the Cr2O3 phase was detected above 600 C annealing. But the presence 
of the Cr2N phase was not seen either due to its amorphous nature or very weak crystallite 
sizes. It was also observed that up to 600 C the CrN structure releases the residual stress, 
this being affected by two mechanisims: the thermal residul stress generated due to the 
difference in thermal expansion coeffiecent between coatings and substrates, and/or, the 
buildup of defects such as vacancies, cavities, and dislocations. The release of internal 
residual stresses may be also related to the absorption and extinction of sputtering defects 
initiated during the heat treatment process of the coatings. The gradual increase of grain 
size and the gradual decrease in lattice parameters with the rise in annealing temperatures 
was observed.  The solar absorptance of the CrN phase was gradually increased from 61% 
to 89% as the annealing reaches to 700 °C while energy band-gap values were 
subsequently reduced from 2.62 eV to 1.38 eV. As a result, a good consistency between 
the structural features and optical studies of CrN coatings, before and after annealing, was 
confirmed. The nanoindentation studies showed that the hardness and the elastic modulus 
are dependent on the microstructure, grain refinement and internal residual stress of the 
CrN phase. The higher hardness values corresponded to the smaller crystallite size of CrN 
coatings and was governed by the combined nano-crystallites and amorphous phases 
formed after the annealing process. FEM studies revealed that the load induced stress 
levels is reduced after the coatings were annealed, particularly at higher temperatures. The 
load induced stress level also depends on the types of substrates used, and in materials of 
high elastic modulus, the higher level of stress will be induced around the coating and the 
substrate interface. However, the introduction of a suitable metal interlayer may enhance 
the stress level at the interface between the coating and substrate.  
 
Temperature dependent structural evolution, surface morphological features, optical, 
dielectric, and mechanical features sputtered Mo:CrN coatings were carried out via XRD, 
FESEM, UV-vis, nanoindentation and finite element modeling techniques. Formation of 
CrN and Cr2N phases were identified at (111) and (200) reflection planes. In addition to 
CrN(111) and Cr2N(200) phases, multiple Cr2O3 phases were also detected at different 
reflection planes. The crystalline behaviours of these phases were enhanced with the 
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gradual increase in annealing temperatures due to the enhanced grain growth and the 
release of residual stresses in the lattice structures. From the results of XRD studies, lattice 
parameters, induced residual stress values were gradually decreased while crystallite sizes 
were monotonically increased with the linear rise in annealing temperatures. An average 
grain size of 80-200 nm was estimated via FESEM studies. After the Mo:CrN coatings 
were  annealed, the surface morphologies changed from triangular compacted structures 
to granular and faced structures and Cr2O3 grains were detected at the top layer of these 
coatings. Furthermore, as the annealing temperature rise above 600 °C, the grain sizes 
were linearly increased. The temperature dependent solar absorptance, energy band-gap 
values, Urbach energy and steepness parameter studies of Mo:CrN coatings were 
correlated with each other. The optical studies of Mo:CrN coatings before and after 
annealing were in good agreement with the structural results obtained from the XRD 
analysis. The nanoindentation results also show that the hardness and the elastic modulus 
values are very closely related to the microstructural features, grain refinement and 
residual stresses of Mo:CrN coatings. Higher values of hardness associated with the 
smaller grain sizes and the formation of nano-crystallites and amorphous structures during 
the heat treatment process also strongly affect the film’s hardness and elastic modulus 
parameters. The post annealing amorphous layers such as the Cr2O3 phase formed at the 
grain boundaries may lead to a reduction in the strength and hardness of these coatings. 
But it is also considered that, the formed amorphous layer may improve stability of the 
coatings by obstructing the atomic movements in high temperature applications. FEM 
studies suggests that with the increase of the film thickness, the stress level decreases, and 
the peak position moves upwards away from the coating-substrate interface. For example, 
for a 1.4 µm thick film, the maximum value of the induced stress level reduced to ~ 15 
GPa and a further increase of the film thickness completely eliminates the stress 
concentration. It wasd established that the stress concentration at the interface results in 
damage to the film-substrate interface and a delamination, or lateral crack is introduced on 
the coatings surface. Under the same loading, stress concentration tends to move away 
from the interface and thereby the possibility of film damage is reduced.  
 
In the final step of our current studies, we have conducted DFT based computational 
studies on pristine and Mo-doped CrN clusters in a non-crystalline phase to reveal 
structural, electronic and optical properties for their potential solar selective surface 
applications. Among the six considered clusters, the Cr4Mo2N2 cluster shown the highest 
stability both physically and chemically. The four other clusters Cr3Mo2N3, Cr2Mo2N4, 
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Cr4MoN3 and Cr3MoN4 were comparatively less stable but more conductive than Cr4N4 
cluster. Density of states (DOS) studies indicated that Cr3Mo2N3 and Cr4MoN3 clusters 
possess magnetic susceptibilities due to the presence of odd numbered electrons and 
unbalanced spins. Consequently, the molecular orbitals were split into α- and β- orbitals 
based on the spin orientations and had a net magnetic susceptibility. Hence, Cr3Mo2N3 and 
Cr4MoN3 clusters carry great potential to be used in spintronic devices.  On the other hand, 
the UV-V showed that Cr4N4 and Cr4Mo2N2 clusters are capable of absorbing the visible 
solar radiation and can be used in solar energy harvesting devices as the solar selective 
surface. Furthermore investigations demonstrated that the Cr3Mo2N3, Cr2Mo2N4, 
Cr4MoN3 and Cr3MoN4 clusters are good absorbers of the near infrared solar radiation and 
can be used in telecommunication fields.  
Due to the combination of a large number of extraordinary properties such as superior 
optical properties, good wear resistance, wonderful thermal and corrosion resistance, good 
adhesion, high-temperature oxidation resistance, and a high level of hardness, metal nitride 
based materials are widely used in optical, protective, and decorative coatings, solar 
selective surfaces and mechanical devices. Despite their technological importance, so far, 
there have few investigations of solar selectivity features in the presence of various 
dopants. Optical responses of metal nitride based thin film coatings greatly vary from one 
application to the other. Nevertheless, thorough research is still needed to further increase 
their mechanical properties, thermal and chemical stability and the oxidation resistance 
behaviours of these materials before their place in the commercial market for industrial 
production is confirmed. 
These materials show increasing roles to play in energy related applications, such as cost-
effective, sustainable and environmental friendly solar selective surfaces. The solar 
selectivity values of these materials depends on the right choice of a material having 
maximum solar absorptance in the visible range and minimum thermal emittance in the 
infrared range of the solar spectrum, coatings structure, band-gaps, surface roughness, 
chemical bonding states, and particle morphology. Higher values of spectral absorption 
can also be achieved with a multilayer thin film coating. Using a multilayer coating, 
superior solar selectivity is achieved by either intrinsic absorption by the individual layers 
or absorption due to the interference between the constructed layers. A better solar 
selective feature can also be attained by using multilayer selective absorbers consisting of 
an absorbing layer placed between the anti-reflecting layer and a metallic substrate. An 
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anti-reflection (AR) layer is used to minimize the reflection of the incident radiation, 
thereby increasing the spectral absorption. This type of multi-layer coating allows the solar 
radiation easily pass through the surface of the material, the reflected waves from different 
optical interfaces create destructive interference and the solar absorption is enhanced. 
Thus, in future there are enormous opportunities to developing metal nitride and/or metal 
oxynitride based multilayer coatings with optimized synthesis conditions to achieve higher 
solar selectivity. The addition of an AR layer also improves the solar absorptance and 
reduces the thermal emittance values of such coatings. Thus, our findings will also 
facilitate engineering designs of metal nitride-based Mo, CrN, and Mo:CrN sputtered 
coatings for various industrial applications, especially in the area of solar selective 
absorbers. That will open a new avenue for the designation of high performance solar, 
thermal, optical, and mechanical devices with superior thermal stability, and good solar 
selectivity for different industrial applications in a mid and high temperature working 








Sample Preparation Methodology 
Sputtering is a physical vapour deposition (PVD) technique to prepare the thin film 
coatings. The sputtering process involves ejecting atoms from a ‘target’ material that is a 
source onto a ‘substrate’ such as steel, aluminium, and silicon. In the magnetron sputtering 
system magnets arranged behind the target that generates magnetic trap for the charged 
particles such as argon gas in front of the target. As soon as power is supplied to the 
magnetrons, the target is biased with a negative voltage normally at   -300 V or higher. 
During the coating synthesis process, the target material is bombarded by energetic 
glowing ions produced by a discharge plasma placed in front of the cathode plate. As a 
result, atoms released from target materials moved towards the substrate region and 
condense to yield a thin film coating. Simultaneously, the secondary electrons ejected out 
of the target’s surface helps to sustain the hot plasma. This is the fundamental principle of 
a conventional sputtering system. However, a conventional sputtering system has some 
limitations such as low plasma ionization efficiencies, high substrate heating effects, and 
a low deposition rate of the coatings. For this reason, an unbalanced magnetron sputtering 
system is utilized to avoid these restrictions. The unbalanced magnetron sputtering 
technique has substantial impacts in the following areas: hard and superhard coatings, 
coatings with specific optical, wear resistant coatings, low friction coatings, corrosion-
resistant coatings, decorative coatings with superior electrical and mechanical properties, 
and solar selective coatings. 
 
A close-field unbalanced magnetron sputtering technique was used to synthesize the Mo, 
CrN, Mo:CrN coatings onto Si(100) substrates. The UDP650 closed field unbalanced 
magnetron sputtering (Teer Coatings Ltd, UK) system installed at the City University of 
Hong Kong was used to sputter these coatings. The coating preparation procedure includes 
the substrates preparation, and coatings deposition. This sputtering system offers excellent 
coating adhesion to the work substrates and a wide range of properties which have been 
tailored to suit various engineering applications. It is a powerful and flexible system which 
can be used to coat solid metal or alloys and a variety of compounds. A brief descript about 
the sputtering process to deposit the Mo, CrN and Mo:CrN coatings together with the 
deposition parameters have been described in the following sections.  
 
193 
Silicon, Si(100) substrates were ultrasonically cleaned in a warm (nearly 40o C) acetone 
and methanol solution  for 20 minutes, and then dried with nitrogen gas, before placing 
them into the sputtering chamber. A background pressure of 4 ×10-4 Pa was accomplished 
in the chamber before the deposition process. In order to achieve a homogeneous film 
thickness, the substrates were rotated at a speed of 10 rpm throughout the synthesis 
process. The nitride films were prepared in a mixture of Ar and N2 gas atmosphere. Prior 
to any measurements, all the samples were mechanically cleaned in ultra-high vacuum via 
a diamond needle file and tungsten-wire brush. Details about the deposition parameters of 
Mo, CrN, Mo:CrN unbalanced magnetron sputtered coatings are delineated in the 





Table 1. Details of the deposition conditions of the Mo, CrN, Mo:CrN unbalanced 
magnetron sputtered coatings. 
Experimental Conditions Mo/Si Mo:CrN/Si 
Substrate Si Si 
Target materials Mo target only Two Cr and one Mo targets 
Reaction gas Ar is working gas, only Ar is working gas, N2 is reactive gas 
Substrate thickness (mm) 1.5  1.5  
Target to substrate distance (mm) 17  17  
Substrate DC bias voltage (V) -80  -80 
Substrate holder rotation 
frequency (rpm) 
10 10  
Ar flow rate (sccm) 50  50  
N2 flow rate (%) -- OEM = 30 
Ar partial pressure (Pa) 0.133  0.133  












Mo target power (VA) 294×4  - 
Cr target power (VA) -  
Cr + Mo targets power (VA) - 
330× 3 
 
Deposition time (min) 25  70  
Coating thickness (µm) 1.2  1.2  
Interlayer thickness (µm) - 0.2  
 
OEM = Controlled by optical emission monitor for nitrogen flow rate measurements  





Experimental Theory and Techniques 
1. General Introduction 
This section of the thesis deals with a brief theoretical background and experimental 
methodologies used to characterize the coated sputtered thin film coatings for their 
structural, morphological, optical, mechanical,   and other properties. The theories and 
techniques to be discussed are XRD, field emission scanning electron microscopy 
(FESEM), ultraviolet visible (UV-Vis) spectroscopy, Fourier transform infra-red (FTIR) 
spectroscopy, energy dispersive X-ray spectroscopy (EDX), and X-ray photoelectron 
spectroscopy (XPS), nanoindentation, finite element modeling (FEM) techniques. Some 
of the experimental set-up, instrumental images and measuring techniques are also 
presented in the subsequent sections.  
 
2. X-ray Diffraction Measurements 
The non-destructive XRD method has been utilised to determine crystalline phase and 
structural information of metal nitride thin film coatings. The X-rays interaction with a 
periodic crystal lattice forms a diffraction pattern due to the X-ray wavelength being 
almost of the same order of the unit cell constant. For a certain diffraction angle, the 
diffracted beams from the coatings surface atoms interfere constructively and appear as 
intensity peaks. This beam diffraction is related directly to the arrangement of crystal 
atomic which is described by Bragg’s law [1]: 
                                 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                                            (1) 
where n is an integer, λ the X-rays wavelength, d the distance between parallel consecutive 
atomic planes, and 𝜃 the angle between these planes and the incident beam. Different 
crystalline phases, elements, or compounds are then identified by analysing the d values 
that are the characteristic for a particular crystal structure. Figure 1 illustrates the incident 
and scattered X-rays make an angle of θ symmetric to the normal of crystal plane in XRD 
analysis [2]. 
 





        
 
       
Figure 1. Incident and scattered X-rays make an angle of θ symmetric to the normal of 
crystal plane in XRD analysis [2]. 
 
XRD measurements for all Mo, CrN, and Mo: CrN thin films coatings were conducted 
using a Bruker AXS D8 Advance (Germany) with Cu-Kα radiation (λ = 1.54 Ǻ). More 
details on the XRD experimental measurement procedures and experimental conditions 
are described in the experimental techniques of Chapters 3, 4, and 5. Figure 2 shows the 
Bruker AXS D8 Advance XRD machine.  
 
              
 




































2.1 Analyzing the X-ray Diffraction Data 
XRD data were used to identify crystalline phases of materials, to calculate unit cell 
dimensions, grain sizes, lattice microstrains, and residual stress. For crystalline materials, 
X-rays scattered by the electrons results in maximum and minimum of the XRD patterns. 
The maximum intensity peaks follow the Bragg’s law, for each d-spacing. The plots of 
XRD peak intensities as a function of diffraction angles θ represents the characteristics of 
the crystallographic structure and the atomic composition of a material. The phase 
identification can be accomplished by comparing the Bragg peaks and its 2θ positions.  
 
In crystalline films, lattice parameters can be identified using the relationship between d-
spacing and its Miller indices. For a cubic crystal system having a reflection plane of (110) 
in an XRD pattern the lattice parameter can be estimated from the following relationship,  








2 + 𝑘2 + 𝑙2))
1/2
                                  (2) 
 where λ = 0.154 nm for Cu-K𝛼   radiation. This equation estimates the lattice parameter, 
a0 within an error of ± 0. 00001 nm. 
 
The grain size or crystallite size, D of a crystal phase at a particular reflection plane can 
be determined from its full width at half maximum (FWHM) values using the Debye 
Scherrer equation [3]: 
                                            𝐷 =  
𝐾 𝜆
𝛽 cos𝜃
                                              (3)                  
where 𝛽 is the full width at half maximum (FWHM) in radians which is identified via peak 
fitting using Lorentzian curve. The constant of proportionality, K (Scherrer constant = 
0.89) depends on the shape of the crystal, the size distribution of the crystal and how the 
width is determined. Thus, the Debye-Scherrer relationship yields to, 
                                            𝐷 =  
0.89𝜆
𝛽 cos𝜃
                                               (4) 
 
The lattice microstrain and residual stress developed within the coatings can be estimated 
by evaluating the  d-spacing of a crystalline phase [4]: 




          (5) 
where, ε is the component of microstrain normal to the surface, and 𝑑 and 𝑑𝑜 are the 
measured and strain free d-spacing values, respectively. The internal stress, 𝜎x  induced in 
the coating was calculated using the following equation,  
                                            𝜎x =
𝐸
(1−𝜈)
 ×  
𝑑−𝑑0 
𝑑0
                 (6) 
where d and d0 are obtained from the experimental diffraction patterns and JCPDS cards, 
respectively. The elastic properties of studied phase (for example: E, the elastic modulus 
= 300 GPa and 𝜈 is Poisson’s ratio = 0.28) [4] were used to carry out these calculations for 
various smaples.  
 
3. Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-
ray (EDX) Experiments     
Field emission scanning electron microscopy (FESEM), is a type of microscopic 
methodology in which thin films microstracture and its morphology can be revealed using 
well-focused beam of high energy electrons. The primary intense  electron beams 
generated from the electron gun interacts with the electrons realeased from sample during 
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the bombardment process. This intraction produces number of signals such as, secondary 
and  back-scattered electrons accompaning with X-rays [5]. These signals detected by a 
photomultiplier detector that produces the films surface morphology of the particular 
scanned area. The field-emission cathode equiped with the electron gun also librates 
electrons. These cathodic electrons are accelerated by the electric field. In a high vacum 
level these electrons are focused and deflected by electronic lenses to produce a narrow 
scan beam that bombards the sample. As a result, the secondary electrons emitted from the 
coating’s surface, the angle and velocity of the ejected electrons collectively resemble to 
the surface structure of the coating. FESEM provides improved spatial resolution and 
minimum sample charging and sample damage compared to SEM imaging process [6]. 
The X-rays released as result of the electron beam interactions with atoms in the coating 
surface  are the characteristics of the elements present in the sample’s surface. The X-rays 
released energy is dependent on the atomic structure of the coating and every atom reveals 
a specific X-ray emission spectrum. The X-rays generated can be separated in an energy 
spectrum to estimate the elemental/atomic compositions of the coating. This process is 
known as the energy dispersive X-ray spectroscopy (EDX).  
 
In this work, the  morphological features and EDX analysis of the thin film coatings were 
tested using Zeiss Neon 40EsB FESM with extra high tension EHT voltage field emission 
gun of 30 kV, an Oxford Instruments Inca X-act SDD X-ray detector (see Figure 3). In 
EDX experiments, the  spectrum range of intreset used was 0.1 to 20 keV which allowed 
a comparatively shorter period of time 10-100 seconds to complete the EDS analysis of a 
sample.  
     
 
200 
    
 
4. X-ray Photoelectron Spectroscopy (XPS) Measurements 
X-ray photoelectron spectroscopy (XPS) is used to identify the chemical compositions, 
surface chemical bonding states and  surfaces electronic structure of solid state materials. 
During the XPS tests, samples are placed horizontally in an ultrahigh vacuum chamber 
and exposed to a monochromatic X-ray source. In XPS process, the core level 
photoelectrons are emitted from the atomic shells of the elements present on the surface, 
as result of  X-ray induced excitations of the samples surfaces. The ejected electrons 
binding energies are the characteristics of the elements from which they are emitted. The 
XPS spectra is obtained by counting the number of electrons as a function of their binding 
energies. The amount of chemical elements present in the specimen is a measured by the  
area under peaks of an XPS spectrum, its shape, and position of each element. The  XPS 
is known as  a surface sensitive technique because the photoelectrons are emitted  from 
near the surface only  and become available for detections. 
 
In this work, the XPS study was performed using Kratos Axis Ultra DLD XPS 
spectrometer (Manchester, UK) operated with an Al-Kα monochromatic radiation Al 
(photon energy = 1486.6 eV) source. The XPS machine was operated at a power of ~10 
mA and ~15 kV. The XPS machine equipped with a cold stage, and an Ar ion gun for 
etching the coatings is shown in the following Figure 4. The X-rays irradiate the sample 
at an incidence angle of about 45o. The analysis chamber was set at a uniform pressure of 
Figure 3. FESEM machine. 
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2.9 ×10-9 Torr. The collected XPS spectra were analysed using CASA 2.3.1.5 XPS 




5. Optical Characterisations via UV-Vis-NIR and FTIR Reflectance Spectra 
The optical performance of metal nitride thin films based solar absorbers can be studied 
through UV-Vis and FTIR studies. The UV-Vis reflectance data of the metal nitride 
coatings were collected in wavelength range of 0.19 µm – 2.5 µm while the FTIR 
reflectance spectra were acquired at 2.5 µm and above. The Beckman-Duffie method was 
employed to estimate the solar absorptance in the visible range and thermal emittance in 
the infrared range of the solar spectra [7-9]. The UV-Vis-NIR spectrophotometer consists 
of a light source, sample holder, diffraction grating in monochromator or a prism to 
separate the different wavelengths of light, and a detector. The spectrophotometer uses a 
tungsten filament (0.3-2.5 µm) as a source of radiation. The detector used in this system 
is a photodiode and photomultiplier tubes accompanied with scanning monochromators, 
which filter the light that only light of a single wavelength reaches the detector at a time. 
The diffraction grating is moved to the ‘step through’ each wavelength by the scanning 
monochromator, so that its intensity can be measured as a function of wavelengths.   
 




The optical response of an opaque surface are of two types: specular reflectance and 
diffuse reflectance. In specular reflectance (Rs), the incoming irradiation angle is equal to 
the reflected polar angle. Generally, a nicely polished surface works as the specular 
reflectance and a rough surface reflects diffusely. In most cases, samples produce a 
combination of specular and diffuse reflectance, and the measurements of these two 
reflectance is quite difficult. Consequently, the total or overall reflection is measured using 
an integrating sphere of highly reflecting interior wall, which shows the combination of Rs 














Figure 5. Specular reflectance (Rs) and diffuse reflectance (Rd) in a reflectance mode of 
integrated sphere. Adapted from Refs. [10, 11]. 
 
In this work, the UV–Vis-NIR, Cary 5000 double beam spectrophotometer with 60 mm 
integrating sphere, was used to record the solar reflectance data of near normal 
hemispherical spectrum from 0.19 to 2.3 µm, using a Deuterium (300 to 350 nm) and 
Halogen (330 to 2700 nm) lamps as shown in Figure 6.  
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Optical properties materials are strongly afftcted while light passing through them due to 
the changes of intensity of the propagation vector. For example, the refractive index, n and 
the extinction coefficient, k: the two most important optical properties, which are 
generically called optical constants; can be determined by studying the reflectances as a 
function of wavelength through a thin film material. Different  experimental techniques 
are available for measuring n and k values, Simmons and Potter have been summarized 
some of them [12].  
 
In an optical or dielectric medium,the refractive index, n is defined as the ratio of the 
velocity of light, c in vacuum to its velocity, v in the medium; n = c/v. Maxwell’s formula 
for the refractive index of a substance can be obtained using this definition and can be 
expressed as [13],  
                                                    𝑛 =  √ 𝑟  𝜇𝑟      (7) 
where, εr is the static dielectric constant or relative permittivity and μr is the relative 
permeability. When a plane monochromatic electromagnetic wave propagates in a non-
scattering homogeneous material experiences attenuation due to various loss mechanisms 
such as the generation of phonons (lattice waves), photogenerations, free carrier 
absorptions, and scattering. In such a medium, the refractive index becomes a complex 




optical constant; n*= n+ik, where n* complex refractive index, with  the real part n, and 
the imaginary part k (extinction coefficient).      
 
The refractive index, n and extinction coefficient, k may also be determined using 
Swanepoel's method [14, 15]. In case of a uniform thickness d, the  interference effects 
give rise to the spectrum showing the transmission curve in a maximum  and minimum. 
These interference fringes could be used  to invistagate  the optical constants of metal 
nitride based materials via following relationships [16-18]. In a transparent medium, the 
refractive index, n is given by: 
                                      𝑛 =  [𝑀 + (𝑀2 + 𝑛𝑠
2)1/2]
1/2
        (8)              







                                    (9) 
 
In the case of a weak and medium absorption coatings, the refractive index, n is given by,  





                          (10) 







          (11) 
 
Extinction coeffecient, k may be calculated using the absorbance x that  given in terms of 
the interference extremes using the following: 









                         (12) 
where                                  𝐸𝑀 = 
8 𝑛2 𝑛𝑠
𝑇𝑚𝑎𝑥
+ (𝑛2 − 1)(𝑛2 − 𝑛𝑠
2)              (13)   
 
and    𝑥 =  𝑒𝑥𝑝 (
−4𝜋𝑘𝑑
𝜆
)                                             (14) 
      
In the present study, the UV-Vis reflectance spectra were used to investigate the linear 
absorption coefficient (α), optical band-gap analysis, dielectric characterizations, the loss 
tangent (tanδ, volume and surface energy loss functions, optical dispersion energy 
parameters, Urbach energy values, and steepness parameters of CrN and Mo:CrN  coatings 
in as-deposited and various annealing states that are extensively described in Chapters 3, 
4, and 5 in this dessearation. 
 
The FTIR machine consists of an infrared source, interferometer, sample compartments 
and a detector.  Basically, the energy of IR spectra is emitted from a glowing black-body 
source, and its beam passes through an aperture that controls the amount of energy 
presented, after that, this beam enters the interferometer where the spectral encoding 
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occurs. The resulting beam exits from interferometer is transmitted through or reflected 
off the sample surface (depend on the device type used) via entering the sample 
compartment. The beams finally, will passes through detector for final measurement, 
which digitised and sent to the computer in which the Fourier transformation processed.   
 
The thermal emittance values of our metals nitride thin film coatings, in the infrared range 
of the spectra, was measured from the FTIR reflectance data. For this purpose, the FTIR 
reflectance spectra collected in the range of 2.5 to 15.4 µm (in a range of 4000 to 650 cm-
1), using a reflected off type of Perkin Elmer Spectrum 100 FTIR Spectrometer  (see 
Figure 7 for the machine diagram). 
 
          
 
 
The sample of thin film coating surface placed on the crystal surface area and pressed to a 
force of around 80 N using a pressure arm in order to maintain the coating surface touching 
evenly onto the diamond surface. The final reflectance spectrum was obtained after several 
times of scanning with resolution of 2 cm-1. For each scanning spectrum a background 




Figure 7. Perkin Elmer Spectrum 100 FTIR spectrometer. 
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6. Mechanical Properties of Thin Film Coatings: Nanoindentation and Finite 
Element Modeling (FEM) Studies    
6.1 Nanoindentation Measurements 
The mechanical properties of of thin film coating based materials are remarkably 
important in many practical devices such data storage technologies, integrated circuits and 
microprocessors. The elastic modulus/Young’s modulus (E) and hardness (H) are the key 
mechanical properties for any materials. Using Oliver and Pharris method, the hardness 
and elastic modulus values of a material can be estimated from a set of P-h (load-
displacement) nanoindentation data during loading and unloading cycle [19]. Typically, 
the depth of penetration is  measured using either an inductance or capacitance 
displacement sensor, and indenter is the  key component of nanoindentation, which should 
have high precision in geometry to facilitate indentation contact area. The indenters may 
be spherical bal-end, flat-ended cylindrical , or sharp and commonly made from diamond. 
The prefered indenters shape  for nano- and microscale measurements, is the sharp shape 
including Berkovich, Vickers and cube corner especially in the characterisation of the 
mechanical properties of thin film based samples.  The mechanical properties of our thin 
films coatings have been invistagated via the nanoindentation workstation (Ultra-Micro 
Indentation System 2000, CSIRO, Sydney, Australia) equipped with a Berkovich indenter 
of 5 µm in radius. The method proposed by Oliver and Pharr was used to determine the 
mechanical properties of our thin films [19-21]. The nanoindentation machine is shown in 
the following Figure 8.  
 
Figure 8: Nanoindentation machine. 
 
207 
In nanoindentation measurements, a controlled load (P) is applied through a diamond tip 
which is in contact with the surface of the material. The load and penetration depth, h are 
monitored during the loading unloading contact cycle. The penetration depth, h is recorded 
as a function of the applied load, p to generate the P–h data set. Using the  P–h data set, 
the Young's modulus, hardness, fracture toughness and residual stress of the thin film 
coatings can be calculated. The hardness of a solid materials is defined by the following 
relation,  
                                              𝐻 = 
𝑃𝑚𝑎𝑥
𝐴
      (15) 
where Pmax is the maximum load and A is the area of the indenter in contact with the 
material’s surface. Using the following P–h diagram [19] shown in Figure 9, the maximum 
load (Pmax), maximum displacement (hmax), and the stiffness (S) parameters of a material 
can be calculated. The  elastic/Young’s modulus (E) is defind as the  stiffness of a material 
in the elastic region where Hooke’s law is satisfied. The Young’s modulus can be 
measuered via P-h curve (Figure 7)  from the following equation,  
                                         𝑆 = 𝛽 
2
√𝜋
 𝐸𝑒𝑓𝑓 √𝐴                                                 (15) 
 
where β is a dimensionless constant taken as unity and Eeff can be measured through,  










)                     (16)  
where E elastic modulus and v refer the Poisson’s ratio of the indenter and Ei  and vi are 

















Figure 9. Typical loading-unloading curve from a nanoindentation experiment with 
maximum load (Pmax) and depth of penetration (hmax) [19]. 
 
6.2 Finite Element Modeling (FEM)  
In order to assess the mechanical response of the coating system to external loading and 
to realize the stress distribution within the coating and the substrate under spherical-tip 
indentation, finite element modeling (FEM) has been conducted. The nanoindentation data 
were used as input parameters. COMSOL Multiphysics ® Ver. 3.5a software has been 
used to perform the FEM simulations. The simulation mode used is a two dimensional 
(2D) axisymmetric model constructed in the loading direction along the z-axis. The details 
of the model set-up are briefly described in the following section.  
 
The working mode consists  of a coating (1.2 µm thick) on top of silicon substrate (around 
1.00 mm thick), under a radius of 5 µm spherical tipped indenter loading. In order to keep 
simplicity, a rectangular simulation block of dimensions 50 × 50 µm was considered. 
Furthermore, time-dependent deformation behaviours such as creep, surface roughness, 
and contamination were also ignored for the simulation procedures. The indenter 
contacting area with the sample was assumed to be frictionless together with a perfect 
bonding between the substrate and coating. The following boundary conditions were 
considered: the bottom (z = 50 µm) was fixed along z-axis, the right edge of the block (x 
= 50 µm) was fixed along the x-axis. On the left edge of the simulation block (x = 0), he 
axisymmetric axis was placed to create the 3D effects. The indenter tip was located at z = 
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0 μm. The indentation loading process was simulated as downward movements in 
successive steps of 0.01 μm each, between 0 to 0.12 μm. 
 
The finite element modeling simulation subdivides an object into very small finite sized 
elements, and the physics behind each element can be defined by a finite number of 
degrees of freedoms. In FEM simulation process, each such element is assigned a set of 
characteristic equations (giving physical behaviours, boundary conditions, and applied 
forces) that are then solved as a set of simultaneous equations to reveal the object’s 
characteristics. According to Hooke’s law, the stress-strain relationship is given by, 
          
                                                𝜎𝑠 = 𝐵 𝑠                                        (17) 
where B is the elasticity matrix definiton, and the stress, σs  and strain components, ɛs are 
presented in matrix form with the six stress and strain components: 
                       




































                              (18) 
where  the σs, τ, ɛs , and γ are the normal stress, shear stress, normal strain and shear strain  
respectively, along x-, y-, and z-axis. The deformation components -(u, v, w) in 3D and 
their derivatives, can  be described in tensor forms: εxy, εyz, εxz or in engineering forms: γxy, 
γyz, γxz in the following way, 
                               𝑥 = 
𝜕𝑢
𝜕𝑥
 ;   𝑦 = 
𝜕𝑣
𝜕𝑦
  ;  𝑧 = 
𝜕𝑤
𝜕𝑧
                                 (19) 
                                   









 +  
𝜕𝑣
𝜕𝑥









 +  
𝜕𝑤
𝜕𝑦









 +  
𝜕𝑤
𝜕𝑥
)  (20)  
 
The inverse elasticity matrix (B-1),  in case of isotropic materails, which is also known as 
the flexibility or compliance matrix, can  described as: 
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where E is the modulus of elasticity and ν is Poisson’s ratio. To find B, B-1  should be 







(1 + 𝑣)(1− 2𝑣)






Using the nanoindentation results of the coatings as the input parameters, the stress 
distributions around the coatings surface can be visualized using computational modeling 
process. 
 
7. Density Function Theory 
The density functional theory (DFT) is one of the most successful and one of the most 
promising approaches to simulate the structural, magnetic, optical, and electronic structure 
of various materials. Density function theory based simulations are widely used for atoms, 
molecules, solids to nuclei, and in classical and quantum fluids. DFT can provide the 
ground state properties of a system, and the electron density plays a key role. Using the 
DFT we can predict a large variety of molecular properties such as molecular structures, 
enthalpy, vibrational frequencies, thermodynamic potentials, ionization potentials, 
chemical potentials, ionization energies, electric and magnetic dipole moments, reaction 
paths, atomic and molecular distances, Bohr magnetons etc. The original purpose of DFT 
has been devoted to study the spin polarized systems, molecular dynamics, 
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multicomponent systems such as nuclei and electron hole droplets, superconductors, 
relativistic electronic systems, time-dependent phenomena, bosons, fermions and so on.  
In this study, the geometrical clusters of the considered systems were optimized via DFT 
integrated with the B3LYP hybrid functional using LANL2DZ basis sets [22]. Gaussian 
09 program was used to conduct the DTF based simulations [23]. Chemical potential (µ) 
of the clusters was calculated using the following relation [24], 
  𝜇 =  −
(𝐸𝐻𝑜𝑚𝑜+𝐸𝐿𝑢𝑚𝑜)
2
      (23) 
where, EHomo and ELumo indicate the energy associated with the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The energy gap 
between HOMO and LUMO known as band-gap (Eg) is related to the electrical 
conductivity and is defined by the following equation [24], 
  𝐸𝑔 = 𝐸𝐿𝑢𝑚𝑜 − 𝐸𝐻𝑜𝑚𝑜      (24) 
Chemical hardness (η) and softness (S) are derived from Koopman’s theorem and are 
defined by the subsequent equations [25, 26], 
   𝜂 =  
(𝐸𝐿𝑢𝑚𝑜−𝐸𝐻𝑜𝑚𝑜)
2
     (25) 
   𝑠 =  
1
2𝜂
       (26) 
The concept of electrophilicity introduced by Parr et al. is defined as [25],  
   𝜔 = 
𝜇2
2𝜂
      (27) 
Mulliken charge analysis were automatically done by the Gaussian 09 program during the 
geometry optimization operation. The optical properties of the clusters were investigated 
using the ultraviolet-visible (UV-Vis) spectroscopy. Using the optimized molecular 
geometries of considered clusters, the fundamental vibrational wave numbers along with 
their corresponding infra-red (IR) intensities, and Raman activities of these clusters were 
computed at the B3LYP/ LANL2DZ basis sets using the Gaussian 09 program package.  
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